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' The Growth of Yeasts in Grape Juice Stored at Low Temperatures: 


I. Control of Yeast Growth in Commercial Operation 


i C. S. Peperson, M. N. AuBury, Dorotuy C. WILSON, AND N. L. LAWRENCE 
P New York State Agricultural Experiment Station, Cornell University, Geneva, New York 


Received for publication May 29, 1958 


The grape juice industry has shifted almost entirely 
‘from the old method of storing juice in 5-gallon car- 
boys to cool storage in tanks at 22 to 28 F (—5.5 to 
—2.2 C). Excess tartrates are precipitated during 
storage. When juice was stored in carboys, the carboys 
were filled at processing temperature, and either 
spray-cooled or allowed to cool slowly at the cellar 
storage temperature. For the modern cool storage, 
the juice is flash heated at 175 to 185 F (70 to 85 C) 
and flash cooled to about 32 F (0 C) before pumping it 
into storage tanks. After the tartrates and other argols 
are precipitated, the juice is repasteurized and bottled 
for retail sale. By this method of storage, heating effects 
are minimized. A general improvement in quality has 
been effected by this change in method of storage. How- 
ever, problems of yeast and mold contamination and 
growth have been serious at times. Since quality is 
retained better when stored at the cool temperature, 
processors would like to hold juice in tanks until 
bottled juice is needed. They would also like to distrib- 
ute bottling throughout the year and, at times, hold 
juice into the following season to equalize differences 
in supply resulting from variations in production of 
grapes. They would prefer to use a cool storage tem- 
perature high enough to prevent the juice from freezing 
solidly. 

The mere presence of yeast is unimportant in itself. 
However, if yeasts grow and multiply sufficiently to 
alter the product, they will cause an economic loss to 

/the producer. Although it was originally assumed 
that yeasts would not grow at low storage temperatures, 
it is now well known by all processors that they will 
. grow. In fact, it has been demonstrated that some of 
\ the varieties of yeast will grow better at a low tempera- 
) ture of 1 C than at room temperature, 21 C (Lawrence 
j et al., 1959). 
| The temperature used for pasteurization is sufficient 
) to kill all yeasts. It is possible to pack juice without 
having viable yeast present (Pederson et al., 1959). 
This study was instituted in an effort to determine 
the degree and the sources of contamination in the 
handling and storage of grape juice in order that 





—— 


§ ‘Journal paper no. 1121, New York State Agricultural Ex- 
‘periment Station, Cornell University, Geneva, New York, 
May 21, 1958. 








methods may be employed to eliminate yeast contami- 
nation and growth from future operations. 


RESULTS AND DISCUSSION 


Yeast counts from juice in tanks. During the past 4 
years, 833 grape juice samples have been obtained 
from tanks in 19 storage rooms maintained by 11 
processing companies cooperating in this study. Each 
set of samples from the several tanks of a storage room 
was assigned a series number. When tanks in the 
storage rooms were resampled later, samples were ob- 
tained from the same tanks when possible. These 
samples then received a new series number. Because 
tanks of juice yielding the highest counts were usually 
processed first, many of the tanks were unavailable 
for sampling a second or third time. Comparison of 
series from a single storage room as the season pro- 
gressed gave an approximate indication of change in 
numbers and types of yeast. The results can be com- 
pared only on a general basis from year to year because 
samples cannot be obtained at identical periods each 
year and were not necessarily taken from the same 
tanks. 

Samples were withdrawn with sterile pipettes. 
Usually about 10 to 15 ml were removed but sometimes 
4-ounce samples and in a few cases, 1-gallon samples 
were obtained. They were packed in ice, brought to the 
laboratory, and plated in triplicate as soon as possible 
(Pederson et al., 1959). Plates were ordinarily incubated 
at 32, 18, and 1 C for 3 days, 3 to 5 days, and 3 to 4 
weeks, respectively. After counting colonies, a general 
attempt was made to classify the yeast types according 
to colonial morphology. Initially, replicate plates were 
incubated at 37, 32, 25, 18, and 1 C. However, the 25 
and 37 C incubations were later omitted since they 
yielded no additional information. 

The 24 samples from the 1953 pack, series 1, 2, 3, and 
4, were obtained in November, April, and May from 
three storages (table 1). These results demonstrated 
the seriousness of the problem and the losses that may 
result. Obviously, if a high alcohol content resulted, 
such juices could not be used for bottled grape juice or 
concentrate. Of course, some types of yeast do not 
produce alcohol but will affect quality. 

From the 1954 and 1955 packs, 286 and 182 samples, 
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TABLE 1 


Range of yeast plate counts from some of the series of tank samples of various storage rooms 


Range of Yeast Colony Counts Among Samples when Plates Incubated at: 
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* TMC indicates a count in excess of 500,000 per ml. 
+ One or two samples yielded counts considerably greater or, in a few cases, less than the range indicated. 


Low 


100, 


—_ 


_ 


bo 


_ 


12, 


000 


, 000 


400 


, 000 


500 


, 700 


230 


, 800 


10 


18 C 


High 


TMC 
TMC 
140,000 


TMC 
47,000 
110,000 


5,700 
260, 0007 
3, 9007 
260,000 
180 
TMC 
TMC 


700 
TMC 
390, 000 
24 
1,400 
1307 
1,800 
TMC 
46 
130, 000+ 
210 
20,000 
220 
3307 
2,4007 
4,000 


66 
7,600 
32,000 
8707 
TMC 
4} 
2,700 
TMC 
TMC 
1 
26,000 
TMC 
120 


230,000 


Low 


1,500 
2,700 


8,300 
880 
3,200 


2,100 
0 

0 
150,000 


0 
2 


9,000 


i¢ 


High 


TMC 
TMC 
140,000 


TMC 
32,000 
24,000 


4,800 

700,000 
12,0007 

190,000 

0 

TMC 

TMC 


600 
TMC 
TMC 

38 
75,000 
5, 0007 
1,600 
TMC 
19 
50, 0007 
OF 
TMC 
40,0007 
120 
7,200 
35,000 


w 


185 

16,000 
70,000 
5,000 
TMC 
| 1} 
1,200 


TMC 

0 
500,000 
TMC 
540 

25 


TMC 


[VOL. ( 


No. of Tanks 
Showing Counts 
in Excess 
of 500,000 


to 





1959] 


oe 


respec 


ages, | 


—§ The re 


In 19: 
39 ta 
cases 

} juices 
tanks 
be rey 
storag 
\condit 
Sshown 
preser 
$1955 | 
20 ant 





j same 
series 
inever 
jjuice | 
idom f 
The 
than | 
during 
those 
‘indica 
| progr 
i server 
| tion. 
condit 
i from 
vidua 
previc 
been 
given 
tion. 
Th 
stand 
(1959 
i gener. 
in gra 
jearly 
ryeasts 
) judge 
conte 
ithe yi 
jand 4 
i genus 


q 
sones 


wild 


7 


1 ‘ 
gnot E 
indie: 
i 

pyeast 
lit is s 
Jare k 


Pbotto 


aA hig! 


: 
4 
a 
4 
% 
2 





VOL. | 


Tanks 
- Counts 
xcess 
0,000 


Li) 


1959] 


Frespectively, in 28 series representing most of the stor- 
ages, Were plated at different times during these years. 
The results re-emphasized the gravity of the situation. 
In 1954, the juices from 48 tanks and, in 1955, from 
939 tanks yielded counts of 500,000 or more. In many 
cases an economic loss was suffered. Many of the 
juices yielded these high counts shortly after the 
tanks were filled. The juice of many of the tanks had to 
‘be repasteurized, cooled, and replaced in the vats for 
stcrage. Counts from 2 tanks of the more serious 
conditions, series 11 in 1954 and series 28 in 1955, are 
shown in table 1. Many other tanks in other storages 
presented problems. The rapid increase in counts in the 
$1955 pack is illustrated in table 1, in the sets of series 
90 and 32; 21 and 27; and 22 and 31, taken from the 
same storage a little over 1 month apart. In other 
series of samples, however, juices from some tanks 
never yielded positive colony counts, showing that 
juice can be processed and stored with complete free- 
dom from yeast growth. 

The 1954 juices yielded somewhat higher counts 
than the 1955 juices, but they had been sampled later 
iduring the storage period. Plate counts in the light of 
| those reported elsewhere (Pederson et al., 1959) strongly 
indicated certain sources of contamination. During 


inliab sities 


can 





|progress of the study, the several plant operators ob- 
served certain known or obvious sources of contamina- 
tion. Attempts were made to correct some of these 
conditions within individual plants. Colony counts 
from samples of the 1956 and 1957 packs from indi- 
vidual factories compared with those of the three 
‘previous seasons indicated that an improvement had 
ibeen effected in some factories where attention was 


ies asta 


given to elimination of possible sources of contamina- 
‘tion. 

The interpretation of results is essential to an under- 
istanding of the problem. Reports by Lawrence ef al. 
| (1959) and Pederson et al. (1959) have shown that four 
igenera of yeasts are commonly found as contaminants 
‘in grape juice. Differences in types of yeast were noted 
jearly in the study and it was felt that a study of the 
The processor 
‘judges the condition of a tank of juice in storage by its 


4 rr . . . 
‘content of alcohol. The fermentative yeasts, that is, 


: 


iyeasts’ characteristics was essential. 


q 


ithe yeasts of the genera Saccharomyces, Hanseniaspora, 
sand Torulopsis, produce alcohol. The yeasts of the first 
igenus are the most active and are most likely to be the 
ones responsible for the fermentation in so called 
>“wild tanks.” Since the yeasts of the genus Candida are 
Fnot alcohol producers, their presence would not be 
jindicated by alcohol content. However, like the other 
yeasts, they affect flavor and also remain in juice when 
it is siphoned from a tank. In pasteurization the yeasts 
are killed and settle to form a fine precipitate in the 
bettom of a bottle of juice. Ordinary filtration removes 
ja high percentage but not necessarily all yeast. 
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It became apparent that a distinct change in pre- 
dominant flora occurred in many instances during 
storage of juice. This change confused the interpretation 
of results. During the storage in 1954 and 1955, it was 
observed that counts of yeast plates incubated at 32 C 
ordinarily did not increase as rapidly as counts of 
yeast plates incubated at 18 and 1 C. In certain in- 
stances, very rapid increases were noted at 18 and even 
more so at 1 C, whereas at 32 C the count often re- 
mained constant or decreased. In some instances, how- 
ever, marked increases were noted at 32 C incubation. 
The identification of many of the isolates indicated the 
yeasts of the genus Candida, the nonfermenters, often 
multiplied more readily during prolonged storage than 
did yeasts of the other genera. Therefore with increased 
storage time, frequently a proportionately higher per- 
centage of the colonies were the dry, rough, wrinkled 
types associated with the genus Candida. This appar- 
ently occurred more frequently with the 1956 and 1957 
packs than with the 1954 and 1955 packs. A further 
analysis of results for 1956 and 1957 presented in 
table 1 may partially clarify this statement. It should 
be pointed out that plate counts at 32 C seldom ex- 
ceeded 10,000, which indicated failure of some of the 
fermentative types of yeast to grow. 

The set of series 35, 48, and 57 (table 1) represents 
counts obtained from 11 of the same tanks in storage 
room A. Series 35 samples were obtained soon after 
filling, series 48 after about 114 months, and series 57 
after 4 months. The platings of the 12 tanks of series 35 
yielded nearly all fermentative types of yeast colonies, 
although the maximum count was only 700 per ml. 
During storage, a shift in flora occurred in that the 
nonfermentative type developed and, as shown in 
series 57 of table 2, were by far the predominant type, 
particularly among the high count juices. The detailed 
colony counts from the 11 tanks in series 57, table 2, 


TABLE 2 
Individual plate counts of 11 samples after approximately 
4 months’ storage 


(Series 57, storage room A, 1956 pack) 





Incubation Temp 


Tank pibiuneaednel ——— Fn ie 
32 € 18 C 1¢ 

A 190 200 ,000 160,000 95 
B 0 7,200 47 ,000 10 
C 19 380,000 1,300,000 95 
D 0 3,000 12,000 80 
K 2 320,000 2,000,000 95 
F 0 150,000 150,000 95 
G 0 3,400 40 ,000 20 
H 0 1,800 5,000 60 
I 0 150,000 3,000,000 70 
J 0 100,000 500 , 000 70 
Kk 0 7,800 


13,000 70 
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show striking differences. Such counts are representative 
of the wide variation in counts obtained from different 
juices in many other series. During the storage period 
of 114 to 4 months, a marked increase in numbers of 
yeast occurred in 3 tanks, C, E, and F, but a marked 
decrease occurred in tank K. Other tanks yielded ap- 
proximately the same counts at 1 and 18 C. With the 
exception of 1 tank, the average counts at 32 C dropped 
from 8 to 3. 

Similar detailed results could be presented for con- 
secutive sets of series sampled from tanks of single 
storage rooms in other companies to illustrate the shift 
in flora from the fermentative to the nonfermentative 
types of yeast during storage. Series 33, 42, and 53 
yielded similar results even though many of the tanks 
of juice were repasteurized between the second and 
fourth month storage period. Results were similar with 
series 41 and 50, and 38 and 51, but the percentage of 
Candida colonies were somewhat lower in the final 
platings. Among 1957 juices, in the set of series 61, 70, 
and 74, series 74 yielded almost 100 per cent Candida 
colonies at 18 C but a high percentage of mucoid colo- 
nies at 1 C. In the set of series 59, 65, and 76, and 64 
and 73, a high percentage of Candida were obtained 
from the platings in the 73 and 76 series. In general, in 
each series, the juices that yielded the lower counts 
yielded the lower percentage of Candida colonies. 

In contrast, many tanks of juice, even after prolonged 
storage, yielded very high percentages of fermentative 
types of yeast. The fermentative types seemed to have 
persisted longer among 1954 and 1955 juices than in 
1956 and 1957 juices. For example, the 27 tanks in 
series 28 of the 1955 pack yielded very high counts 
of the mucoid type of yeast associated with fermenta- 
tion. In series 72, 2 of the 18 tanks yielded practically 
100 per cent fermentative types of colonies, the other 
tanks yielded Candida types. The 13 tanks in series 
75 in 1957 yielded the tiny mucoid colonies. Presum- 
ably, strains of the genus Hanseniaspora were pre- 
dominant even though the juices from the same storage 
room, series 55, yielded a high count of Candida colo- 
nies. The juices from all 4 tanks in series 78 yielded fer- 
mentative types, whereas juices the previous year had 
yielded nonfermentative types. 

Uniform samples are difficult to obtain from a tank. 
Because it is desirable to disturb a tank as little as 
possible, usually a single sample was taken. However, 11 
samples were obtained from 1 tank. Counts at 1 C 
ranged from 860 to 26,000; at 18 C, from 940 to 23,000; 
and at 32 C, 0 to 90. The highest counts were obtained 
from the samples at the greatest depth. In contrast, 
some counts obtained by the laboratory of one of the 
companies showed the highest count from samples 
near the top. In a series of 5 tanks, sampled from 
surface level and at 2 to 3 foot depths, 2 tanks yielded 
counts at the 2 to 3 foot levels of 46,000 and 24,000, 
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but at the surface level only 5000 and 1500, when 
plates were incubated at 1 C. 


Possible Sources of Contamination 

There is ample evidence that juice is adequately 
pasteurized and can be delivered from enclosed coolers 
in a sterile condition (Pederson et al., 1959). 

The sources of contamination may be many. Con- | 
taminated equipment or air will introduce yeasts to the 
juice. Any place where juice is trapped to remain for 
an indefinite period and any place where foam forms” 
should be considered possible sources of contamination. © 

It is difficult for a plant operator to visualize the/ 
extremely small size of yeast cells and the ways in’ 
which they are harbored in the air or equipment. It 





should be realized that 100 to 150 yeasts in a row may 
pass through a hole the size of a small pin; that 10,000 


capillary action. Yeast will grow in such juice. The 
potential contaminating influence and growth possi- 
bilities of these cells in contact with fresh grape juice 
are tremendous. Furthermore, yeasts may sporulate in| 
restricted areas and be carried over from season to 
season. 

Among important possible sources of contamination 
are the pores of wood, cement, or other materials used 
in construction of tanks. Others, including the air in 
the room, foam on the surface of the juice in troughs 
of surface coolers, bypass valves, control valves, ther-| 
mometer wells, gauges, gaskets, sampling apparatus, | 
pipeline dead ends, T and Y connections, and inter- 
mediate holding tanks, have been apparently implicated 
in contamination. It would be difficult to assign relative 
degrees of significance to the various sources of contami- 
nation or prove in all instances that they are sources 
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of contamination. The possibility that they are potential” 


sources can be indicated, however, by the demonstra- 
tion of the presence of yeast in these areas. From results 


| Juice 


presented (Pederson et al., 1959), it is obvious that the | 
tanks themselves are one of the major sources of con- | 
tamination. Data summarized and shown in table 1 | 


present further evidence of this source of contamination. 
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Many of the sanitizing agents would remove or destroy © 


these yeasts if such agents could be brought into con- — 


tact with the yeasts. 


Among the 13 one-gallon samples of juice obtained | 


from surface coolers, 6 were taken from the trough 


below the coolers. Ordinarily the juice in the trough is ~ 


covered with foam formed when the juice splashes into 
this trough. Such foam can warm up to room tempera- 
ture readily and, since it remains there, yeast grows 
rapidly in the foam. 

Since the data presented by Pederson et al. (1959) 
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When seemed to implicate the foam on the surface of troughs Air should never be presumed to be sterile unless it 
of surface coolers, more attention was given to this as is filtered or otherwise sterilized. Even the air in entirely 
a source of contamination. Such foam is subject to air closed tanks, unless it has been sterilized or filtered, 
4 contamination. Since in commercial practice this foam presents a source of contamination. The air in tank 
ately is not removed except at cleanup periods, it may remain rooms is an important source of yeast and mold con- 
polers on the surface of juice for several hours. It warms up tamination for open tanks. Plates exposed 20 to 30 
_ | rapidly to the temperature of the room and contam- min in various tank rooms have invariably yielded 
Con- inating yeast develops rapidly. Two samples of foam yeast and mold colonies (table 4). Five agar plates 
a the from the trough yielded appreciable counts (table 3). exposed 20 min in one storage room yielded a total of 42 
tor Six samples of juice from troughs with foam on the yeast colonies; 8 plates in another plant yielded 35 
forme) surface yielded appreciable counts (table 3). Four yeast colonies. Inasmuch as a plate has a diameter of 
ation. j samples from a trough where foam was constantly 3.5 in. and a total surface area of 9.6 square in., whereas 
, the } removed yielded low or zero counts. Two samples of a 16 foot tank has a surface area of 200 square feet, 
ys foam removed from such troughs yielded counts of chances of contaminating a tank are about 3000 times 
at. It 2 and 300. Among 11 samples taken from the surface as great. It can readily be seen that air may be a major 
MAY") coolers before the juice had come in contact with the source of contamination. Although it is true that in 
0,000 5 trough, only 5 yielded colony counts, the highest count many operations ice is eventually formed on the surface, 
ole of i being 30 (table 3). It must be realized that the surface contamination would have occurred before the surface 
could} cooler is subject to air contamination. had frozen. 
quids)) Similar conditions undoubtedly exist wherever foam As previously stated, it is difficult to attach degrees 
lue to is allowed to accumulate in this manner, such as the of significance to the various sources of contamination, 
’ The surface of intermediate storage or surge tanks. One or even prove in some instances that they are sources. 
Poss) such instance was previously cited. Other instances Only by personal observation can it be assumed that 
Juice! undoubtedly occur. contamination may have arisen from any one point. In 
nee these studies, evidence indicated that a wooden, inter- 
waliien TABLE 3 mediate holding tank was a source of contamination. 
Yeast counts of grape juice and foam samples from surface An enclosed cooler in which poorly fitted gaskets were 
oom" swig ete = : hi —_ pelts ——____—— used was obviously a source of contamination in another 
‘ used Yeast Counts when Plates instance. Juice obtained from this equipment yielded 
air in Samples from: =_— me = an appreciable yeast count. Appreciable yeast counts 
rough ie Neca ned le Ae were obtained from a T joint and valve arrangement in 
| ther-j Foam from trough 600 — | an otherwise enclosed line from an enclosed cooler. 
rena 4 21,000 ao 9,800 A special sampling device was obviously implicated in 
wa another instance. In one installation, the operators 
icated § Juice from trough a us ee observed contamination from the pressure valve. Un- 
lative 100,000 99,000 240 
: 280, 200,000 500 
mensatar 640 640 540 Yeast counts obtained from plates exposed in cool storage rooms 
tential 410 280 0 in 1955 and 1957 
ynistra- ; vie 
results | Juice from trough when foam 0 0 0 1 ee Range of Plate Counts at . a a 
at the) 8S removed continually 0 0 0 Yeast Mold 
: 3 0 0 renee eatin font Se eainneteen —— 
f con- | 4 0 0 4 1-4 1-3 
able 1— 10 0-7 1-18 
1ation. } Foam from trough when foam - 300 -— 12 0-9 1-20 
estrov | was removed continually -- 2 — 10 14-28 0-7 
a 10 0-7 0-14 
en ‘Juice before entering trough 0 0 0 5 5-moldy 5-moldy 
| 0 0 0 5 6-16 4-12 
tained | 0 10 0 4 0-19 4-12 
trough © 0 0 0 4 0-4 1-1 
ugh is | 0 0 0 8 1-26 | 0-8 
: 4 0 0 0 7 0-3 0-4 
es into { 30 0 0 4 0-1 | 2-7 
mpera- 9 2 0 0 5 0-7 0-6 
grows |) 0 0 0 5 1-5 0-6 
; 0 2 0 5 2-15 20-43 
(1959) | 0 1 0 ——_—_— 


* Plates exposed, in 1955, 30 min; in 1957, 20 min. 
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doubtedly there are other sources of contamination 
such as pipelines with nonsanitary fittings. Again, it 
should be emphasized that any point where juice re- 
mains for a period of time and any foam that forms 
should be considered possible sources of contamination. 

There may be some question as to the quality of 
juice in which high numbers of yeasts existed. Three of 
the predominant types of yeast were typical alcohol 
producers. These typical alcohol and carbon dioxide 
producing species have been the main contaminants in 
some series, such as no. 28 (table 1). They often yielded 
counts at 32 C as high as those obtained at 18 or 1 C. 
They produced typical mucoid colonies on plates and 
were readily recognized. In those cases where alcohol 
determinations have been made, the amounts of alcohol 
were very low unless the counts approached or exceeded 
500,000. The Candida species are not considered to be 
either carbon dioxide or alcohol producers. When 
growing in juice, they first impart a pleasing ester-like 
odor, which eventually may become offensive. This 
type of yeast has been the main contaminant in some 
juices such as those in series 72 (table 1). They were 
readily recognized because they produced a dry, rough 
colony. Many times they grew only at 1 C 
42, 43, and 54. 


as in series 


SUMMARY 


Storage of grape juice at —5.5 to —2.2 C has pre- 
sented a serious sanitation problem. Yeasts and mold 
may grow during storage and cause an economic loss 
to the industry. However, grape juice has been proc- 
essed and stored commercially for long periods of time 
with no yeast contamination or growth. With proper 
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cognizance of the sources of contamination, followed by 
precautions to reduce their effects, it is felt that losse 
can be reduced. 

Rates of growth and fermentation are slow at th 
low storage temperature. At times growth apparenth 
ceases and some of the yeast cells die. The presence 0 
yeast, however, is always a source of potential fermen 
tation or alteration in flavor. 

The rates of growth of the yeasts commonly encoun 
tered vary among strains of four genera. Although i 
the early stages of storage fermentative types of yeas! 
are more commonly encountered, later the nonfermen 
tative types commonly predominate. In order to deter 
mine the entire flora present, it was necessary to mak 
replicate plates so that they could be incubated at | 
18, and 32 C. 

It is important that every precaution be taken by 
plant operators to avoid contamination. Contaminatio 
of grape juice arises from residual yeasts harbored ii 
the pores of wood or coatings of tanks, the air in th 
room, foam on the surface of containers, intermediat 
holding tanks, pipelines with crevices where juice cai 


accumulate, improperly made gaskets, valves, and any 
other places where juice with a few yeast cells caij 


accumulate and growth of these yeast occur. 
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During recent years, tank storage of grape juice at 
old temperatures has become the standard practice. 
‘he juice in tanks is sometimes subject to yeast con- 
amination (Pederson et al., 1959a; 1959b). Although it 
‘as assumed that the yeasts would not develop at 
torage temperatures of 22 to 28 F (—5.5 to —2.2 C), 
xperience has shown that yeasts and also mold do grow 
n grape juice held under such conditions. Although 
nitial yeast counts of such juices are usually low, 
browth occurs during storage and counts occasionally 
#xceed one million per ml. Sometimes the yeast growth 
s accompanied by active gas production. 

During the past several years, a large number of 
east strains have been isolated from platings of Con- 
ord grape juice stored in tanks. The variation observed 
Gn degree of fermentation and in the types of yeast 
‘olonies on Petri plates led to this detailed study of the 
ypes of yeasts with particular attention given to their 
Fates of growth at different temperatures. 


4 MATERIALS AND METHODS 


Yeasts were isolated from juices from a large number 
@f tanks in various grape juice plants of New York 
State. The juices had been prepared, pasteurized, and 
Yooled by the regular commercial process. The juices 
Mhad been chilled and stored at 22 to 28 F (—5.5 to —2.2 
‘) in clean tanks of wood, cement, stainless steel, or 
@lass. Grape juice had previously been stored in the 
najority of these tanks. Periodically during the storage 
eriod, samples were removed aseptically and plated. 
‘easts were also isolated from 1 gallon samples of 
Huices held at 1 C. Some of these gallon samples were 
Mbtained directly from cooling lines and others from 
torage tanks (Pederson et al., 1959b). The medium 
Qused for plating was of the following composition: tryp- 
one, 10 g; yeast extract, 3 g; glucose, 20 g; KH.POx,, 4 g; 
®gar, 15 g; tap water, 1000 ml. Replicate plates were 
neubated at 0,7, 18, and 32 C. Representative colonies 
vere transferred to agar slants of the same medium and 
Were later examined morphologically and studied 
hysiologically. 

The methods and classification given by Lodder and 
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Kreger-van Rij (1952) were used for the identification 
of the isolates. Colonial and cellular morphology and 
the presence or absence of ascospores were the criteria 
used for classification by genera. The isolates were also 
tested for their ability to utilize or to ferment glucose, 
galactose, sucrose, lactose, maltose, and raffinose. The 
medium used, a slight modification of that recom- 
mended by Lodder, consisted of 1 per cent yeast 
extract (Difco) and 0.1 per cent egg albumen with 1 
ppm bromcresol purple and 1 per cent of the particular 
sugar. Authentic strains of the genera Saccharomyces 
and Candida were obtained for comparative purposes. 

The rates of growth of representative strains of the 
four genera of yeasts were determined in grape juice for 
various temperatures. Constant numbers of cells from 
24-hr broth cultures were inoculated into sterile white 
(Niagara) grape juice in optically matched test tubes, 
and incubated without aeration at selected tempera- 
tures for 39 days. The temperatures used were 0, 7, 11, 
17, 21, 25, 30, 32, 35, 37, 40, and 43 C. Periodic meas- 
urements of the per cent light transmission at a wave 
length of 630 my were converted to numbers of cells 
per ml using standard curves previously determined 
by plate counts for each strain of yeast. 


RESULTS 


Identification of strains of yeasts isolated from grape 
juice. Approximately 1000 strains of yeasts were iso- 
lated. Following a microscopic and colonial visual 
examination of the cultures, 43 strains were selected 
for study. These were representative of all sources 
studied. They were identified by genera as follows: 
Candida, 11 strains; Torulopsis, 27 strains; Hansenia- 
spora, 2 strains; and Saccharomyces, 3 strains. This dis- 
tribution of the isolates among the genera is not 
indicative of the frequency of occurrence of these types. 
Rather they were selected on the basis of possible 
variation among strains. In each of the various samples 
of juices, one or another of the types of yeast predomi- 
nated, although in some eases all types were present. 
Variations among strains of each genus were of minor 
significance. No attempt was made to determine species. 

Strains of the genus Candida were readily distin- 
guished from the other genera by visual examination of 
the culture plates. The colonies were dry and rough, 
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and became greyish-white with age. Such strains pro- 
duced mycelial strands which were visible at the edge 
of the colonies, using low power magnification. These 
strains produced an abundant pellicle in liquid media. 
Their individual cells were oval and budding. Pseudo- 
mycelia developed later, especially on solid media. No 
arthrospores, ascospores, or pigments were produced. 
For growth, these cultures utilized glucose, galactose, 
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Figure 1. Temperature range for growth of Candida sp. 
isolated from grape juice. 


sucrose, and maltose but did not use lactose or raffinose! 


Two strains produced a trace of acid without gas in 
sucrose and in glucose. The other 9 strains produced 
neither acid nor gas from any of the sugars. 


readily distinguished from one another since they were 
all smooth, white, and glistening, so typical of many 
yeasts. 

The 27 cultures identified as strains of species of the 


genus Torulopsis did not show mycelial growth. I” 


liquid media, a sediment was formed and there were 
only traces of surface growth. The individual cells were 
round or oval. Neither ascospores nor arthrospores were 
produced, and pigments were not formed. All strains 


utilized glucose, sucrose, raffinose, and galactose for” 


growth, but did not utilize maltose or lactose. Acid and 


gas were produced from glucose and sucrose, and acid 7 


without gas from raffinose and galactose. 
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Two of the original isolates were identified as mem-_ 
bers of the genus Hanseniaspora. They gave no evidence | 
of mycelial formation. Slight surface growth and heavy ~ 
sediment were formed in liquid media, the individual) 


cells were apiculate, occasional ascospore formation was 
noted on Gorodkowa’s agar, and no pigments wer 
produced. Both cultures utilized glucose, maltose, su- 


crose, and galactose for growth, and both fermented” 


glucose producing acid and gas. One strain produced 3 | 


slight amount of acid without gas from maltose or) 


sucrose. 


The three cultures identified as strains of species o/7 
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Figure 2. Temperature range for growth of Torulopsis sp. isolated from grape juice 
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Figure 4. Temperature range for growth of Saccharomyces sp. isolated from grape juice 
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in grape juice stored at approximately 0 C. Therefore, 
the rate of growth of the various isolates was determined 
in grape juice. Selective environmental conditions ap- 
parently limit the numbers and types of yeasts which 
develop during prolonged storage. 

Sterile Niagara grape juice was therefore inoculated 
with isolated strains in approximate concentrations of 
10° per ml. Growth was observed during incubation at 
0, 7, 11, 17, 21, 25, 30, 32, 35, 37, 40, and 43 C. 

Candida sp. Six strains of species of Candida were 
studied. Three strains, C. curvata strain Y 1511, C. 
guilliermondii strain Y 488, and C. lipolytica strain Y 
1094 were obtained from Dr. L. J. Wickerham.? Three 
others were representative strains isolated from grape 
juice. These strains isolated from juice grew slowly with 
an optimal temperature near 11 C (figure 1). They grew 
well at 0 C, poorly at 17 C, and did not grow at 21 C 
or higher. In contrast, the three species obtained from 
the Wickerham collection grew very poorly, if at all, at 
0 C; their optimum was approximately 25 C, and they 
grew fairly well at 37 to 40 C. 

Torulopsis sp. Five strains of Torulopsis isolated from 
grape juice attained a population of 10° per ml after 7 
days at 0 C (figure 2). After 17 days, the population at 
this temperature was approximately 3 xX 10° per ml, 
and it continued to increase during the 39 days of 
incubation. The upper limit for growth was 35 C. The 
other four strains grew at 32 C but did not grow at 35 
C. All grew most rapidly at 17 to 25 C. 

Hanseniaspora sp. All five strains of Hanseniaspora 
grew well at a wide range of temperatures, from 7 to 40 
C, attaining populations in excess of 5 X 10° per ml in 
24 hr (figure 3). Two of the strains also grew slowly at 
0 and 43 C. After 15 days at 0 C, these strains had 
reached a population of approximately 10° per ml. The 
optimal growth temperature for each of these strains 
was approximately 30 C. 

Saccharomyces sp. There were no significant differ- 
ences between the group of three strains isolated from 
grape juice and that of the two strains of S. ellipsoideus, 
strains 214T and 213N, obtained from two wineries. All 
strains grew well at temperatures of 7 to 40 C (figure 4). 
One of the three strains isolated from juice developed 
appreciably at 0 C. The optimal growth temperature of 
all strains occurred between 20 and 30 C. 


DISCUSSION 


It has been known for a long time that some micro- 
organisms are capable of growth at low temperatures. 
Forster (1887, 1892) was probably the first to report 
the growth of microorganisms at 0 C. He described the 
slow development at 0 C of a fluorescent bacteria iso- 
lated from the sea. Fisher (1893) found that pathogenic 
cholera vibrios also grew at low temperatures. Since 

2 Northern Utilization Research and Development Division, 
U.S. Department of Agriculture, Peoria, Illinois. 
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then a large number of papers have described growth a 


0 C and lower of bacteria isolated from soil, milk, froze 
vegetables and fruits, and meat. These papers have bee 


reviewed by Hampil (1932), ZoBell (1934), and Berry 


and Magoon (1934). 


Yeasts have also been found to grow at or below 0 CP 
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Schmidt-Nielsen (1902) observed that yeasts, including? 


a strain of Saccharomyces pastorianus and a red strain olf) 
Torula sp. grew at 0 C on wort gelatin. In contrast}* 
other strains of S. pastorianus and S. cerevisiae failed pdent 


to grow during a period of 40 days at this temperature 


Haines (1931) and Lea (1931) observed yeasts growing) 
on meat at —5 C, but not at —10 C. Berry (1932) found jHanse 


mately 
iat 21 


if 
Nection 
The 


pink yeasts developing on strawberries at —4 C. Guilf*P°! 


liermond (1920) presented Hansen’s data concerning 


the minimum temperatures for scum formation. by ( 
species of Saccharomyces. At temperatures of 3 to7 C 


Berry, 
’ Fos 


from 2 to 6 months’ incubation were required for scum} Berry 


formation. These species formed ascospores at 0.5 ti 


fro 


11 C. Guilliermond quoted Hansen’s statement that BERRY 


temperatures of 0.3 to 0.56 C are the minimum for oe 
growth, that is, buddings, for species of Saccharomyces, ors 
Willia, Pichia, Saccharomycodes, and Ludwiggia. Berry) Fisuet 
(1934a, b) concluded that the temperature minimum bei 
for all microbial growth, including that of yeasts and), -_ 
molds, is between 15 and 20 F (—9.4 and —6.7 C). ier 

Haines (1931) believed that the organisms with "owe 


temperature optima for growth at 37 C have a minimum 
growth temperature between 0 and 5 C, and that yeasts, 
molds, and psychrophilic bacteria with an optimum nea! 
20 C have still lower minimal growth temperatures. 
The data presented in this paper are in accord with 
those generally reported in the literature. The pre. 
dominant types of yeasts which develop in Concord 
grape juice stored at temperatures of approximately 0 C 
belong to four genera, Candida, Torulopsis, Hansenia-— 
spora, and Saccharomyces. Contamination of grape” 
juice by these and other yeasts occurs during the time 
the juice is transferred to the tank or upon contact with | 
the tank’s surfaces, or their atmosphere. Grape juice in 
cool storage does not offer a favorable medium for yeast 
growth. The low temperature acts in a selective manner, 
suppressing the growth or causing the death of most 
strains. This selectivity, though it is not very efficient, 
will result in the growth of the relatively few strains of 7 
yeast best adapted to such conditions for growth. In 
numerous cases studied, strains of the genus Candida” 
were found to be the most adaptable to these cultural 
conditions. 4 





SUMMARY 


Grape juice stored commercially at 22 to 28 F (—5.i9 
to —2.2 C) occasionally develops high populations oi” 
yeast. Representative strains of yeasts isolated fron 
such juice were identified as strains of the four genera,” 
‘yy . . Y 
Torulopsis, Hanseniaspora, and Saccharo- 


Candida, 
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jat 21 C or above. In this respect they differed from 
identified species of Candida obtained from culture col- 
Nections. 

The temperature ranges for growth of Torulopsis, 
iHanseniaspora, and Saccharomyces strains isolated from 
"grape juice are wider than that of the strains of Candida. 
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Grape juice cannot be bottled for retail trade without 
previous storage to precipitate crude argols. Freshly 
pressed Concord grape juice is now pasteurized, cooled 
to 0 C (32 F) and pumped into tanks in rooms held at 
temperatures from —5.5 to —2.2 C (22 to 28 F) to hold 
the juice until it is ready to be reprocessed for retail. 
Frequently yeasts develop in the juice during the 
storage period. 

The yeasts isolated from such stored grape juice have 
been shown to be strains of the genera Candida, Toru- 
lopsis, Hanseniaspora, and Saccharomyces (Lawrence et 
al., 1959). It has been shown also that each of these in 
pure culture is capable of developing relatively high 
populations in grape juice at 0 C, and that the non- 
fermentative types, chiefly strains of the genus Candida, 
are true psychrophiles. 

It is the purpose of this paper to describe, in quantita- 
tive terms, the growth of natural inocula of yeasts in 
grape juice at 1 C and to recommend methods for 
estimating from yeast counts the length of time the 
juice may be held in storage under commercial condi- 
tions. 


MATERIALS AND METHODS 


One-gallon lots of pasteurized and cooled juice were 
obtained from cooling lines or directly from storage 
tanks of commercial grape juice plants. These were 
transferred carefully to sterilized gallon bottles, using 
precautions to avoid contamination. A thin layer of 
sterile mineral oil was poured over the surface of the 
juice. The mineral oil inhibited mold growth but did 
not materially affect yeast growth. The bottles of 
juice were then stored in an ice bath placed in a 1 to 2 
C room. Samples were removed periodically for deter- 
mination of numbers of yeasts. The juices were plated 
in triplicate at several dilutions, using the medium 
described previously (Lawrence et al., 1959). Plates were 
incubated at temperatures of 32, 18, and 1 C. Colonies 
on the plates of two dilutions were counted after 3 days, 
10 days, and 4 weeks, respectively. Some of the colonies 
of yeasts that developed at each incubation temperature 
were examined microscopically and many were isolated 

‘ Journal paper no. 1120, New York State Agricultural Ex 
periment Station, Cornell University, Geneva, New York, 
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and identified using the procedures previously de-7 
scribed. i 
Fifty-eight 1-gallon lots of juice were obtained and) 


amb e 


studied during the pressing seasons of 1954, 1955, and! 
1956. 


RESULTS AND DIscussION 

The 58 one-gallon lots of juices could be divided into | 
6 general groups based upon the incubation tempera- ~ 
tures at which the yeast present in the juices developed! 
colonies. Thus 14 samples (group 1) yielded no counts | 
even when held as long as 11 months; 6 samples (group 7 
2) yielded counts at 1 C; 19 samples (group 3) yielded 7 
counts at 1 and 18 C; 12 samples (group 4) yielded” 
counts at 1, 18, and 32 C; 5 samples (group 5) yielded 7 
variable counts highest initially at 32 C; and 2 samples | 
(group 6) also yielded variable counts at the 3 tempera- 
tures. 

Group 1. In 14 of the juices, no growth was obtained!) 
for periods of from 5 to 11 months. Six of these 14 juices | 
had been obtained from or near the outlet of enclosed! | 
commercial coolers following pasteurization and cooling. | 7 
Four were obtained from near the bottom of surface |” 
coolers before the juice entered the trough. The other 4 
were taken from tanks shortly after filling. 

Group 2. Six of the 58 samples showed a pattern of 
yeast development similar to that in table 1. It can be 
seen that the highest counts were obtained from plates 
incubated at 1 C, much lower counts from plates at 18) 
C, and no counts from plates incubated at 32 C. A high 
percentage of colonies which developed at 1 C were 


TABLE 1 
Typical series of yeast counts obtained at 32, 18, and 1 C from 
1 of 6 grape juices in group 2 stored at 1 C 


‘ sila Counts of Plates Incubated at: 
Storage Time 


Months —_____—_—. — ee 
32 C 18 C 1 ( 

0 0 0 0 
31 0 0 0 
4¥9 0 10 12,500 
614 0 1,050 19,500 
5 0 0 20,900 
9 0 0 


9,500 
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identified as strains of the genus Candida. Three of the 
§ juices which showed this pattern of growth had been 
obtained from surface coolers, 1 from an enclosed cooler 
and 2 directly from the storage tanks. One of the latter 
was being filled at the time the juice was obtained. With 
one exception, all of these juices showed no growth 
until 4 to 7 months after sampling. The one exception 
was Juice obtained from a tank several days after filling. 
The growth pattern was similar to those of the other 
five only in that the colonies developed best at 1 C. The 
juice yielded a count at 1 C when plated the first time, 
and the yeasts increased after 1 month of storage. In 
this table as well as in similar data obtained from other 
samples, inconsistency in counts is noted not only for 
different incubation temperatures but also from month 
to month at one temperature. These variations may be 
due in part to effects of one species upon another, but 
the causes appear to be far more complex and as yet 
unexplained. 

It is apparent that, among the 20 juices in groups 1 
and 2, 19 juices showed no count for 4 to 5 months and 
some for 11 months or more. Fourteen of these were ob- 
tained from the coolers before contact with tanks or 
exposure to air contamination and the other 6 were 
obtained from tanks during or shortly after filling. This 
is considered to be evidence for the adequacy of the 
pasteurization process used. The eventual high counts 
of many of these samples resulted from contamination 
of these gallon samples during the frequent sampling. 
The last 10 samples were obtained in 1956 in duplicate, 
one being used for sampling while the second was held 
until yeast was obtained from the first bottle. Among 
6 samples that yielded counts or fermented after a 
period of time, 3 of the duplicate bottles yielded no 

TABLE 2 
Typical series of yeast counts obtained at 32, 18, and 1 C from 
1 of 19 grape juices in group 3 stored at 1 C 





r Counts from Plates Incubated at: 
Storage Time 


Months — —— 
32 C 18 C 1 
0 0 60 0 
1 0 61,000 75,000 
2 0 91,000 105,000 
4 0 17 ,000 


19,000 





TABLE 3 


Typical series of yeast counts obtained at 32, 18, and 1 C from 


1 of 12 grape juices in group 4 stored at 1 C 


GROWTH OF YEASTS IN STORED GRAPE JUICE. 





‘ 5 Counts from Plates Incubated at: 
Storage Time 


Months = tee 
32 ¢ 18 ¢ 1 
0 0 0 0 
1 490 1,000 410 
2 32,000 48 ,000 12,000 
860 


4 195,000 30,000 
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counts and the other 3 yielded considerably lower 
counts than obtained from the first bottle. 

Group 3. Still another developmental pattern (table 2) 
was shown by 19 of 58 one-gallon lots of juice. It can 
be seen that no counts were obtained by incubation of 
plates at 32 C, whereas counts at 18 and 1 C increased 
with time of storage. These yeasts were mostly non- 
fermentative, mycelial yeasts, presumably strains of 
the genus Candida. Thirteen of these juices had been 
obtained directly from storage tanks, 4 from pipelines 
between enclosed coolers and tank, and 2 from surface 
coolers. None of the 6 juices from the pipelines or 
coolers yielded a count when first plated. Before 
counts were obtained, 2 to 7 months of storage had 
elapsed. If the juices were contaminated when placed in 
jugs, the contamination was very low. On the other 
hand, 10 of the 13 juices from tanks contained viable 
yeasts immediately after sampling. Of the other 3, 2 
were samples from newly filled tanks and the third was 
from a new tank. The data on these 19 lots of juice are 
evidence of contamination from the tank and air in the 
room. 

Group 4. Twelve of the 58 juices yielded counts in 
platings made immediately after the juice was obtained. 
Subsequent platings showed an increase of yeasts able 


TABLE 4 
Typical series of ueast counts obtained at 32, 18, and 1 C from 
1 of 5 grape juices in group 6 stored at 1 C 
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. ‘ Counts from Plates Incubated at: 
Storage Time 








Months papain s579"Gnnnnen Gumnmnee" aman 
32C 18 C 1¢ 
0 1,330 | 60 0 
1 640 310 0 
2 240 0 0 
4 10 150 0 
5 0 0 | 0 
7 20 350 | 42,350 
8 0 500 | 8,000 





TABLE 5 
Relative populations of yeasts from‘a tank of grape juice when 
juice samples were obtained at intervals during storage, 
plated in replicate, and incubated at 32, 18, and 1 C* 








Yeast Counts from Plates Incubated at: 

















Storage — —— 
woe, | 32C 18 C t¢€ 
Count | Type Count | Type Count Type 

0 10; — 60 | s, nf 30 — 
1 0; — 940 | nf 1,700 | nf 
2 0; — 1,940; — 3,200 | nf 
a 0; — 3,710 | nf 4,200 sf, nf 
4 | 0; — 165,000 | sf, nf 169,000 | sf, nf 
5 80 f 370,000 | sf, nf 303,000 | nf 
6 | 1,800 f 180,000 | f, nf 2,350,000 | nf 





*f = fast fermenter (Saccharomyces); sf = slow fermenter 
(Torulopsis); nf = nonfermenter (Candida). 
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to grow at 32 C, as well as at 18 and 1 C (table 3). 
These juices often exhibited gaseous fermentation. 
Colonies identified were fermentative types of genera 
other than Candida. Eight of these juices were obtained 
directly from tanks and 4 from coolers after pasteuriza- 
tion of the juices. Two of the latter were from surface 
coolers and 2 from enclosed coolers. The first counts 
from these latter 2 juices were low and the yeasts did not 
show marked development until the 4 month plating. 
This group of 12 juices again present evidence for con- 
tamination from the air and from the tanks. 

Group 5. A fifth pattern of yeast development is 
shown in table 4. In each of the 5 juices, the first 
platings yielded counts highest at 32 C, intermediate 
at 18 C, and lowest at 1 C. However, the 32 C counts 
decreased during the early period of storage. In some 
cases counts increased again in later stages. The 18 C 
counts were variable, but eventually increased, whereas 
the 1 C counts always increased during storage. Three 
of these 5 juices were obtained from tanks, 1 from a 
surface cooler, and 1 from an enclosed cooler in which 
line contamination was later demonstrated. 

Group 6. The final two juices, one from a surface 
cooler and one from a tank, showed a growth pattern 
unlike all the others. Both yielded counts at 32 C but 
none at 18 or 1 C when first plated and both showed 
slowly increasing counts of yeasts able to grow at 32 
and 18 C. One never yielded a count at 1 C, whereas the 
other yielded a low count at 1 C after 4 months’ storage. 

In addition to the study of these gallon lots of juice, 
the pattern of development of yeasts was studied in 
juice stored commercially in tanks (Pederson et al., 
1959). Samples of juice were removed aseptically from 
the tanks at intervals during the storage period and 
plated in the manner described. In general, the data 
showed that those yeasts that were able to grow at 1 C 
persisted or increased in the juice during prolonged 
storage. These yeasts were often nonfermentative, pro- 
duced abundant mycelia and thus appeared to be 
species of the genus Candida (table 5). 

From further study of the data on the relative popula- 
tion of fast fermenters, slow fermenters, and nonfermen- 
ters in commercial tanks of grape juice, it was found 
that a high percentage of yeasts isolated after prolonged 
storage were nonfermentative types and that these 
were able to grow at 18 or 1 C but not at 32 C. For 
example, Pederson et al. (1959) found that in series 44, 
14 juice samples incubated at 32 C yielded counts from 
0 to 2500 per ml and at 18 C from 0 to 20,000. In con- 
trast, on plates incubated at 1 C, 7 samples yielded 
counts of at least 400,000 and 6 others from 4200 to 
48,000. The nonfermentative yeasts of the genus 
Candida were by far the predominating type. In some 
series, counts on individual samples were as high at 32 
C as at 18 or 1 C. Such colonies were usually the 
smooth, mucoid, and fermentative types associated 
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with the genus Saccharomyces. Conversely, the re- 
latively few rapidly fermenting yeasts were obtained 
at 32 or 18, but not at 1 C. 


DISCUSSION 


From a general consideration of the data, three facts 
seem to be well established. The first of these is that the 
pasteurization process is entirely adequate. Samples of 
juice obtained directly from the outlets of enclosed 
coolers or from lines properly laid out and properly 
cleaned remained in good condition for from 4 to 11 
months. 

Secondly, pasteurized grape juice is readily contam- 
inated with yeasts when it is exposed to the air in the 
processing plants and to the storage tanks. Of the 37 
lots of juices in which yeast growth developed within 
4 months, 26 had been obtained from storage tanks, 6 
from troughs of surface coolers, 3 from enclosed coolers, 
and 2 from contaminated lines. In contrast, of the 21 
juices that kept for 5 months or longer, 9 were taken 
directly from enclosed coolers, 7 from surface coolers 
before juice came in contact with the trough, and 5 
from tanks during or immediately after filling. 

The third point is that yeasts found in high coneen- 
tration in juices showing little evidence of fermentation 
after prolonged storage are predominantly species of 
the genus Candida. These yeasts are nonfermenting, 
that is, they do not produce carbon dioxide and alcohol 
from sugars. Even tanks showing relatively high popu- 
lations of these yeasts are unlikely to show typical 
evidence of fermentation of the juice. 

In general, among those juices which contained 
yeasts able to grow at 32 C as well as at 18 and 1 C, 
gaseous fermentation ensued. It appeared that these 
yeasts were mostly members of the genus Saccharo- 
myces. Tanks of juice in which an increasing count of 
this type of yeast is noticed should be carefully watched, 
because the ensuing gaseous fermentation may result 
in an economic loss. 

The variation in the temperature ranges for growth 
and in the optimum temperature for growth of the 
isolated yeasts (Lawrence et al., 1959), coupled with the 
data reported here, partially explains the inconsistency 
of results of yeast counts obtained under commercial 
conditions by those workers making routine bacterio- 
logical examinations of grape juice. Settling of yeast 
cells, variations throughout tanks, oxygen relationships, 
and death of cells are also partially responsible for 
inconsistencies. On numerous occasions, tanks of juice 
which had previously shown high counts would later 
show low counts, and vice versa. Such data were there- 
fore extremely difficult to interpret. The samples ob- 
tained in routine commercial analyses were usually 
incubated at room temperature for short periods of 
time. Consequently, strains which failed to grow at 
room temperature, such as the Candida sp. described 
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above, would not be counted. In the few cases in which 
low temperatures were used for incubation, the plates 
were incubated for only a few days, which is not long 
enough to allow cells of the low temperature strains to 
form colonies. From the data reported here and in a 
previous paper (Lawrence et al., 1959) it would seem 
that routine incubation of duplicate plates at 10 C and 
at room temperature (25 C) would give reliable yeast 
counts in a sufficiently short time to be valuable to the 
industry. 

At the time when samples of juice are to be plated at 
10 and 25 C for counting, replicate dilutions should also 
be inoculated into fermentation tubes and incubated at 
the same temperatures. Data so obtained would give 
plant operators an indication of the numbers and types 
of yeast present in the juice. If an appreciable count 
is obtained at 25 C, together with gaseous fermentation 
of sugar, the operator could expect development. of 
fermentative yeasts in the stored juice. On the other 
hand, samples that yielded low counts and no evidence 
of fermentation in tubes at 25 C, even when relatively 
higher counts of nonfermentative yeasts appear at 10 
C, should be an indication that the stored juice is not 
likely to ferment in the immediate future. 


SUMMARY 


Quantitative plate counts at 1, 18, and 32 C of 58 
one-gallon lots of grape juice held in storage at 1 C 
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indicate that grape juice pasteurized and stored without 
being subjected to recontamination may be kept for 
reasonable periods with no development of yeast. 

Analysis of results indicates that contamination of 
juices results from contact with the tanks and other 
equipment and from air in the tank room. 

Differences in types of yeast developing in the juices 
from various sources are reflected in differences in 
colony counts from plates incubated at 1, 18, and 32 C. 

In some cases, slow growing, psychrophilic, nonfer- 
mentative yeasts develop in juice. Occasionally, meso- 
philic fermentative yeasts develop in juice and result 
in gaseous fermentation in a few months. 

Recommendations are made for predicting the 
keeping quality of the stored juice on the basis of 
plate counts and fermentation tests of the yeasts present 
in the juice. 
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Slime production by microorganisms in the rumen of 
‘attle and sheep has been advanced as a possible factor 
in feed-lot bloat by Jacobson and Lindahl (1955), and 
for frothy legume bloat by Hungate et al. (1955). The 
slime serves to entrap the fermentation gases and the 
resulting frothy ingesta blocks the ruminant’s gas 
eructation mechanism. Lindahl et al. (1957) have pro- 
duced experimental bloat by oral administration of 
soluble alfalfa saponins to sheep. Rumen bacteria ca- 
pable of degrading alfalfa saponins with the concom- 
itant production of slime have been isolated from the 
rumen of cattle (Gutierrez et al., 1958). Hungate et al. 
(1955) found rumen froth production was correlated 
with the severity of bloat symptoms in steers on le- 
gume pastures. The discovery by Smith e¢ al. (1953) that 
certain high grain diets supplemented with protein 
could experimentally produce bloat in cattle offered an 
opportunity to study the microorganisms involved in 
the onset of feed-lot bloat. This investigation has been 
aimed at the enumeration, isolation, and identification 
of the predominant types of bacteria before and during 
bloat. 


EXPERIMENTAL METHODS 


Five steers were fed a barley diet supplemented 
either with soybean oil meal, cottonseed oil meal, o1 
linseed oil meal as a protein source. The rations are 
shown in table 1. The rumen samples were removed by 
stomach tube 6 to 20 days after the animals were put 
on the high starch diet and again as the steers bloated 
in order to detect any gross changes in the microbial 
population. Bloat symptoms did not occur until 2 to 3 
weeks after the animals were on the full bloat diet. 
During bloat, the rumen contents were very frothy 
and a stable foam 60 to 100 mm in height was formed 5 
hr after removal from the animals. The rumen samples 
were diluted serially as quickly as possible into tubes of 
starch-feed extract medium with the following composi- 
tion in percentage: ground alfalfa, 2.0; soluble starch, 
0.3; cottonseed oil meal, 0.5; dairy feed concentrate, 
0.5 (Hamlin and Hungate, 1956); strained rumen fluid, 
20.0; agar, 1.5; 
NH,Cl, 0.05; NaCl, 0.1; 


resazurin (redox indicator), 0.0001; 
MgSO,, 0.005; CaCls, 0.005; 


KH,PO,, 0.02; K2HPOs,, 0.5; 
with 100 per cent CO,.). Cysteine hydrochloride, 0.04 I 
per cent, was used as a reducing agent. 

For the analysis of the fermentation guedane, the | 


isolated strains were grown in 0.5 per cent peptone and |— 


0.3 per cent yeast extract (Difco) with measured 
amounts of glucose or sodium lactate. Pure CO2 was the 
gas phase and 0.5 per cent NaHCO; was used as buffer. 
Total volatile acids were determined by steam distilla- 
tion of the culture fluid and the distillate titrated with 
0.02 x NaOH using nitrogen as the gas phase. The acids 
were separated on a chromatographic cellulose column 
and identified from their Duclaux distillation constants 
and R; values (Elsden et al., 1956; Carroll and Hungate, 
1954). After steam distillation, the culture fluid residue 
was extracted with diethyl ether for 24 hr, and lactic 
acid was determined by the method of Friedmann et al. 
(1927). Fermentation gases were identified with a 
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NaHCOs;, 0.5 (buffer used |” 





semimicro-modification of the Newcomber-Haldane gas 
analysis apparatus, and the 
the medium was determined in an absorption train with 
0.8 nv NaOH. 
Agar shake culture counts of the LC 
(Elsden et al., 
tone and 0.3 per cent yeast extract medium supple- 


organisms | 


mented with 0.5 per cent sodium lactate. Utilization of | : 


various carbohydrates was tested with bromthymol blue | 
indicator using the same concentration of peptone and | 
yeast extract in a broth medium. Gram stain smears 
for direct microscopic examinations were made from 
rumen contents diluted 10 times with tap water. Obser- 


TABLE 1 


Experimental rations 


Diet Composition Per Cent 
A Basal* 84 
Soybean oil meal 16 
B Basal 84 
Linseed oil meal 16 
C Basal 84 
Cottonseed oil meal 16 











22 alfalfa, and 1 sodium chloride. 


carbon dioxide dissolved in |— 


1956) were made using 0.5 per cent pep- — 
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. Ingredients in basal portion of diet: 61 parts barley,” 
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vations for capsule production by the isolated strains 
were made with India ink and a safranin counterstain. 
The shake culture and anaerobic techniques used were 
described by Hungate (1950). 


RESULTS 

Microscopic observations and culture counts. Examina- 
tion of 1:10 dilution smears before bloat, during slight 
to moderate bloat, and during moderate to severe bloat 
showed gross differences that could be distinguished 
visually. Before bloat, the microflora consisted mostly 
of small single or paired cocci and rods; in slight to 
moderate bloat, the smears showed an increase in the 
number of short chained, encapsulated streptococci and 
LC type organisms; and in the one case of moderate to 
severe bloat which occurred during the experiments, 
the predominating organisms were long-chained LC and 
small cocci. Figures 1 to 3 and 6 to 10 give a comparison 
of the changes that occurred in the microflora during 
the onset of feed-lot bloat. 

Dilution series of the rumen samples in the starch 
feed extract medium showed many colonies at 24 hr. 
Morphology, gram reaction, and capsule formation 
were checked on 21 colonies picked at random from the 
highest dilution tube of each experiment. Before bloat 
occurred, smears of the colonies from animals 488, 490, 
and 491 showed approximately equal numbers of gram 
negative rods and gram positive cocci. Samples from 
steers 488 and 490 also showed LC type organisms. 
Dilution series of animals 79 and 61 developed mostly 
gram positive cocci, singly or in pairs similar to Strepto- 
coccus bovis, and a few rod-shaped bacteria. Growth in 
the dilution series made from samples removed from all 
the steers as they bloated gave an increase in the num- 
bers of short chain encapsulated streptococci. The 
magnitude of the changes is shown in table 2. 

Growth of a large streptococcus similar in mor- 
phology to the LC organism described by Elsden et al. 
(1956) occurred only sporadically in the starch-feed 
extract agar tubes and better growth resulted when the 
culture counts were made in yeast extract peptone 
medium supplemented with 0.5 per cent sodium lactate. 
The counts of the large, gram negative LC type strepto- 
coccus also increased during bloat and the numbers re- 
ported are probably lower than the organisms present 
in the samples because of the difficulty in breaking the 
extremely long chains while making the serial dilutions 
(table 2 and figures 3 and 8). 

[solation of cultures. Pure cultures were obtained of 
the small, encapsulated streptococcus which showed an 
increase during mild bloat and the cultural and physio- 
logical characteristics of the strains were studied in 
detail. Twenty-two strains were isolated at random 
from the higher dilution tubes of the different experi- 
ments. Usually 90 to 95 per cent of the strains possessed 
capsules which were variable in size. An interesting 
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characteristic of the isolated strains was the ability to 
attach to potato and corn starch grains (figure 5). This 
property has been reported for another organism found 
in animals on high starch diets, Bacteroides amylophilus, 
and this characteristic probably gives the strains an 
advantage in competition with other starch-digesting 
bacteria (Hamlin and Hungate, 1956). Twenty-four 
strains of LC type organisms were also isolated from 
bloated steers and the fermentation products and cul- 
tural characteristics investigated. 

Characteristics of the encapsulated, short-chain cocci. 
The cells were 0.8 to 1.0 u in diameter, in pairs and short 
chains of 4 to 6 cells (figure 5). The cocci were gram 
positive in 4 to 6 hr cultures and later became gram 
variable. Surface colonies were 1 to 4 mm, round, white, 
and mucoid. Subsurface colonies were lens-shaped, 
sometimes spreading out in a complex arrangement. 
The strains grew in a starch-feed extract agar stab in 
the zone with oxidized resazurin. Slightly better growth 
occurred in the reduced portion of the tube. The results 
of carbohydrate and cultural tests were as follows: 
Salicin, mannose, inulin, maltose, galactose, fructose, 
sucrose, lactose, starch, raffinose, cellobiose, and glucose 
were fermented. p-Sorbitol, p-xylose, rhamnose, arabi- 
nose, esculin, trehalose, glycerol, and cellulose were not 
attacked. Five other strains of the small streptococci 
fermented the same carbohydrates with the exception 
that four strains were able to utilize trehalose. 

Nitrate was reduced to nitrite; the Voges-Proskauer 
reaction was negative; gelatin was not liquified; and 
catalase and H.S were not produced. The test for indole 
was negative. Growth in litmus milk formed acid with 
reduction and coagulation. The strains could grow at 
45 C but did not survive heating at 60 C for 30 min. 
Growth occurred in 2.0 but not in 6.5 per cent NaCl. 
The strains were not iodophilic. 

Growth in liquid yeast extract-peptone medium 
supplemented with different carbohydrates was vari- 
able. Slimy growth with a ropy, viscous characteristic 
was produced from salicin, galactose, fructose, sucrose, 
and cellobiose. Less slime was ‘evident from maltose, 
inulin, and lactose. Quantitative experiments on the 
fermentation products of glucose by the small cocci 
showed that lactic acid was the major end product with 
small amounts of CO, being produced. From 300 mg of 
glucose 2.2 mEq of lactic acid and 0.4 mEq of CO2 were 
found. Tests for succinic acid and ethanol were negative. 
Traces of volatile acids were encountered. Five addi- 
tional strains of the cocci yielded 0.5 to 0.7 mEq of 
lactic acid from 80 mg of glucose in a yeast extract- 
peptone broth. The strains are similar to S. bovis except 
for the lack of high temperature tolerance and their 
gram variability. Since it had not been established 
whether S. bovis could agglutinate on the surface of 
starch grains, four known strains of S. bovis were tested 
for the capacity to adhere to corn starch. Smears made 
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Figure 1. 1:10 dilution of rumen contents from animal no. 61 before bloat occurred, Gram stained. 

Figure 2. 1:10 dilution of rumen contents from animal no. 61, one week later, slight to moderate bloat symptoms, Gram stained | 
Several examples of the short chain encapsulated streptococci can be seen. 

Figure 3.1:10 dilution of rumen contents from animal no. 61, three weeks later, moderate to severe bloat symptoms, Gram stained 


' 


Long chains of LC type organisms and small cocci present. 
Figure 4. Pure culture of LC type organism, crystal violet stain. 
Figure 5. Pure culture of Streptococcus bovis type streptococcus attached to potato starch granules, stained with crystal violet 
Figures 1-5. Original magnification 1455 X; 1091.25 X in reproduction here. 
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Figure 6. 1:10 dilution of rumen contents from animal no. 79 before bloat occurred, Gram stained. 
Figure 7. 1:10 dilution of rumen contents from animal no. 79, three days later, slight to moderate bloat symptoms, Gram stained. 
stained.| LC and small cocci. 
| Figure 8. 1:10 dilution of rumen contents from animal no. 79, three months later, slight to moderate bloat, crystal violet stain. 
stained | The LC type chains show the variation in flattening of adjacent cells. 
|) Figure 9. 1:10 dilution of rumen contents from animal no. 491 before bloat occurred, Gram stained. Rods and cocci. 
Figure 10. 1:10 dilution of rumen contents from animal no. 491, one week later, slight to moderate bloat symptoms, Gram stained. 
al violet! LC organisms and small streptococci. 
Figures 6-10. Original magnification 1455 X; 1091.25 X in reproduction here. 
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4 hr after the organisms had been inoculated into yeast 
extract peptone broth containing 0.1 per cent raw corn 
starch showed that S. bovis had the ability of attaching 
to the starch grains in the same manner as the lactic 
acid-producing streptococci isolates. 

Characteristics of the lactate-utilizing organism. Strains 
of the large LC type streptococcus which showed an 
increase in the rumen samples during bloat were isolated 
in order to establish identity of the organism. Colonies 
on yeast extract peptone agar supplemented with 0.5 
per cent sodium lactate were tan and lens-shaped in the 
agar depths. Surface colonies were round, slightly 
raised and had a glistening, mucoid appearance. At 48 
hr the colonies were 0.2 to 1.0 mm in diameter. Older 
colonies attained 3 to 4 mm. Cells were 2.0 by 2.4 uw in 
diameter, in pairs and short chains of 4 to 8 cells, with 
an occasional chain of 16 to 20 cells (figure 4). In the 
rumen the large cocci grow in much longer filaments and 
are flattened on adjacent sides (figures 3 and 8). Chains 
with 65 cells or longer were common. When grown on 
yeast extract-peptone medium, 18 strains were pre- 
dominantly gram negative, although 6 cultures showed 
cells which had a slight tendency toward being gram 
positive. Long chains of LC in direct smears of rumen 
contents very frequently showed many gram positive 
granules at the periphery of the cells with the main 
areas of the cells being gram negative. On a few occa- 
sions, short chains of LC in direct smears of rumen 
contents were entirely gram positive. Fermentation 
products from 270 mg of lactic acid by a pure culture 
of the large coccus yielded in mmoles: COs, 1.68; Ha, 
0.04; acetic acid, 0.43; propionic acid, 0.36; butyric 
acid, 0.36; and valeric acid, 0.46. In yeast extract 
peptone broth containing 0.27 per cent glucose, 0.38 
mmole of caproic acid was produced by the organism. 

The isolation of large numbers of LC type organisms 
from diets with a high content of starch and their end 
products of metabolism suggests the strains can be of 
importance in the rumen fermentation. Elsden et al. 
(1956) have discussed the taxonomic problem asso- 
ciated with the LC organism. Chain formation and the 
rapid fermentation of carbohydrates excludes the bac- 
terium from the genus Neisseria. Although the strains 
are predominantly gram negative, the fermentation 
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products, the ability to attack organic acids, and the | 


morphology favor the genus Peptostreptococcus (Kluyver 
and Van Niel) Smith (Breed et al., 1957). The species 
designation Peptostreptococcus elsdenii n. sp. is proposed 
for the isolated strains with the following description. 

Living cells, spherical, 2.0 to 2.4 w by 2.6 uw in pairs and 
chains of 16 to 20 cells. Stained smears show cells 1.8 
by 1.6 w in diameter. The adjacent sides of pairs of 
cells are flattened. Occasionally much larger cells occur, 
Extremely long chains are formed in the rumen. Gran- 
ular material is usually present in stained smears. 
Capsules not observed. Nonmotile. Gram negative, 
although in a few strains gram positive cells are evident. 
Pleomorphic in old cultures. 

Subsurface colonies in yeast extract peptone agar 
supplemented with sodium lactate, lenticular, 1 to 4 
mm in diameter, tan, soft butyrous texture. Surface 
colonies round, smooth, raised, with glistening appear- 
ance. Growth in yeast extract peptone broth, a fine 
sediment in 24 hr. 

Nitrate not reduced to nitrite. Indole negative. HS 
produced. Gelatin not liquefied. Voges-Proskauer test 
negative. Litmus milk reduced without coagulation. 
Catalase negative. Growth at 25, 30, 39, 45, but not at 
50 C. Optimum, 39 C. 

Substrates utilized: lactate, glucose, fructose, and 
maltose. Glycerol and sucrose fermented by some 
strains. 

Not metabolized: p-xylose, rhamnose, salicin, man- 
nose, arabinose, esculin, raffinose, lactose, trehalose, 
cellobiose, and sorbitol. 

Fermentation products from sodium lactate: CO,, 
He, acetic, propionic, butyric, and valeric acids. Addi- 
tional product from glucose fermentation is caproic 
acid. 

Obligate anaerobe. Habitat is the rumen of cattle 
and sheep. 


Six strains of LC type organisms fermented the 


same carbohydrates except that three strains attacked 
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glycerol and one strain failed to utilize sucrose. Our | 


strains fit or are closely related to the original descrip- 


tion for the LC organism from the rumen of sheep given |” 


by Elsden et al. (1956) 


. . . § 
Observations on the rumen protozoa. Phase microscopic ~ 


TABLE 2 
Cultural counts before and during bloat 





Before Bloat No. per ml 








Steer No. Diet tm of sheit-chaln, | 

Total count encapsulated | 

streptococci 

61 B 9X 105 7X 107 | 
488 Cc 6 X 10° 6 X 10° 
490 A 1 X 10'° 3 xX 10’ 
79 B 3 X 108 8 X 10° 
491 A 1 X 10° 


2X 10° 





Slight to Moderate Bloat No. per ml 


1 7 - | 
Count of short-chain, | 





Count of LC Total count encapsulated Count of LC 
streptococci 

1 X 10! 2 X 10° 2X 108 2 X 10° 

2X 10° 8 X 10° 4 xX 108 1x 16 

1 X 10° 1 X 10!° 5 X 10° 2X 10° 

1 X 10° 2 X 10° 1 X 10° 8 X 10’ 

1 X 10! 6 xX 10° 5 X 108 8 xX 106 
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examination of the living ciliates from 1:10 dilutions of 
both bloated and nonbloated rumen samples showed 
Entodinium was the predominant genus, whereas lesser 
numbers of Diplodinium species were also present. High 
starch diets have been reported to support large popula- 
tions of Entodinium (Van der Wath and Myburgh, 
1941). Ciliates of the genus Dasytricha and Isotricha 
were either entirely absent or present in numbers less 
than 2700 per ml. The latter count has been established 


> asa minimum population figure for Dasytricha (Gutier- 


rez, 1955). Since the holotrichs have been shown to 


> selectively ingest certain rumen bacteria, the low num- 
bers of these genera may be due to the lack of favorable 
, bacteria (Gutierrez and Hungate, 1957). Although pH 


measurements were not made on the rumen samples, 


| the presence of Hntodinium in all of the samples indi- 


cates that the pH was not excessively low. At a pH 
below 6 all of the rumen ciliates disappear (Oxford, 
1955). 


DIscUSSION 

Rations which have a high content of carbohydrate 
have been shown to give rise to large populations of 
lactic acid producing cocci in ruminants (Hungate et 
al., 1952; Bauman and Foster, 1956). The significant 
amounts of lactic acid produced in this type of diet 
favors the development of lactate-utilizing organisms 
such as LC. In the early stages of bloat engendered 
by feeding rations with a high content of starch sup- 
plemented with an ample protein source, the lactic 


acid starch-fermenting cocci and LC were among the 


| predominant 
' made 


organisms. Microscopie observations 
on rumen samples from bloating animals 
during the third month of the bloat-producing experi- 
ments showed LC, cocci, and rod-shaped bacteria. The 


/ increase in the numbers of encapsulated lactic acid 
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id I streptococci during the onset of feed-lot bloat contrib- 
e 


utes to the theory that one of the factors leading to 
frothiness of the rumen contents is the slime produced 
by the rumen microorganisms. It should be emphasized 
that slime production is the property of various genera 
of rumen bacteria, and that other types of organisms 
may contribute to the frothing of rumen contents with 
different dietary conditions. Laboratory cultures of LC 
did not produce large amounts of slime, but did evolve 
much gas from lactic acid and carbohydrates. This sug- 
gests that LC augments the bloat symptoms by its 


> breakdown of the lactic acid produced by the amylo- 


lytic cocci. An additional contributory factor may be 
the extremely heavy cellular proliferation of the LC 


} type organisms which formed a filamentous mat of 


growth during bloat (figures 3 and 8). Besides lactic 
acil and carbohydrates, L-threonine, L-serine, and L- 
cysteine can also be attacked by LC (Lewis and Elsden, 


} 1955). In an earlier study on the amounts and kinds of 
Hfatty acids produced by the rumen bacteria during 
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feed-lot bloat in cattle, Jacobson and Lindahl (1955) 
presented evidence that valeric acid increased as the 
severity of bloat increased. The predominant bacterial 
populations were not identified, but the present findings 
indicate that the valeric acid was due to LC type organ- 
isms since this is the only organism known to produce 
valerie acid in the rumen at the present time. In this 
study, direct smears and culture counts provided 
conclusive evidence that as the severity of the bloat 
symptoms increased the number of LC organisms also 
increased. 
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SUMMARY 


The bacterial changes that occurred in the rumen of 
five steers during the onset of feed-lot bloat are de- 
scribed. Twenty-two strains of lactic acid producing 
streptococci and 24 strains of LC type organisms which 
increased in numbers during bloat were isolated and the 
properties of representative types studied. The char- 
acteristics of the lactic acid cocci indicated the strains 
were similar to Streptococcus bovis. 

The species designation Peptostreptococcus elsdenti n. 
sp. is proposed for the LC type organisms. P. elsdenii 
is a large, gram negative streptococcus which produces 
varbon dioxide, hydrogen, and acetic, propionic, bu- 
tyric, and valeric acids from lactate. Caproic acid is an 
additional fermentation product from glucose. The 
increase in S. bovis type streptococci and P. elsdenii 
during the onset of feed-lot bloat suggests these organ- 
isms may play a role in the etiology. 
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Coagulase-positive staphylococci are responsible for 
approximately 75 per cent of the food-borne illnesses of 
established etiology that have been reported in the 
United States during recent years (Dauer and Sylvester, 
1956, 1957). Ideally, to determine the relation of a 
suspected food to staphylococcus food poisoning, the 
presence of enterotoxin should be demonstrated. The 
methods for this purpose are cumbersome, require the 
use of laboratory animals or human volunteers (Dack, 
1956; Matheson and Thatcher, 1955), and are not 
suitable for screening purposes. In lieu of demonstrating 
enterotoxin, a rapid method has been developed for 
detecting the bacteria that are known to produce 
enterotoxin, that is, the coagulase-positive staphylo- 
cocci. The cultural methods currently in use for detec- 
tion of these organisms have the disadvantage, for 
screening purposes, of requiring 2 to 3 days for com- 
pletion (Chapman, 1946; Zebovitz et al., 1955). The 
rapid method reported here indicates the presence of 
significant numbers of viable coagulase-positive staph- 
ylococci in 7 to 9 hr, thus providing a presumptive 
report on the food within the same working day in 
which it is examined. 

1 Presented at the 57th General Meeting of the Society of 
American Bacteriologists, Detroit, Michigan, April 28 to May 
2, 1957. 
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fense Administration under Delegation no. 1 to the U.S. De- 
partment of Health, Education, and Welfare. 


[voL. 7 


L-threonine, L-serine, L-cysteine and acrylic acid by a 
gram-negative coccus. Biochem. J. (London), 60, 683-692, 

LinpaHwL, I. L., Davis, R. E., AND TERTELL, R. T. 1957 Pro. 
duction of bloat and other symptoms in intact sheep by 
alfalfa saponin administration. U.S. Dept. Agr. Tech. 
Bull. No. 1161, 2-15. 

Oxrorp, A. E. 1955 The rumen ciliate protozoa: Their 
chemical composition, metabolism, requirements for 
maintenance and culture, and physiological significance 
for the host. Exptl. Parasitol., 4, 569-605. 

Situ, C. K., BRuNNER, J. R., HurrMan, C. F., anp Duncan, 
C.W. 1953 Experimental production of frothy bloat in 
eattle. J. Animal Sci., 12, 932. 

Van DER Watu, J.G. AND MysurGu,8.J. 1941 | Studies on the 
alimentary tract of merino sheep in South Africa. VI. The 
role of infusoria in ruminal digestion with some remarks 
on ruminal bacteria. Onderstepoort J. Vet. Sci. Animal 

Ind., 17, 61-88. 


EXPERIMENTAL DEVELOPMENT OF THE METHOD 


Preliminary studies demonstrated that 10- to 20- 
fold more growth of staphylococci developed after 6 to 
8 hr on a shaker*: 4 at 35 C than was obtained by 
stationary incubation in air or water. Accordingly, 
shaking incubation at this temperature used 
throughout the development of the method. 

Development of selective growth medium. In order to 
select a readily available culture medium, the following 
common broth formulae were compared in terms of the 
amount of growth, as measured by turbidity,’:° that 
could be obtained in 4 to 6 hr: (1) nutrient (Difeo)?; (2) 
milk protein hydrolysate (BBL),*‘ plus 0.1 per cent 
glucose; (3) brain heart infusion (BBL); (4) yeast 
extract and trypticase (BBL), in amounts used il) 
staphylococcus medium no. 110 (BBL); (5) cooked) 
meat medium (Difco) supernatant; and (6) trypticase| 
soy (BBL). Growth was observed in the media in the 
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growth was obtained in brain heart infusion than any 
other broth except cooked meat supernatant. Since the 
difference between these two was insufficient to justify 


3 Variable speed model, Eberbach Corporation, Ann Arbor, 
Michigan. 

4 The name of the manufacturer is given for some material:| 
and equipment solely for the purpose of identification. 

>Coleman Junior Spectrophotometer, Coleman Electrit— 
Company, Maywood, Illinois. 
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the inconvenience and expense of using the cooked meat 
supernatant, the brain heart infusion broth was chosen 
as the base for the selective medium. A formula con- 
taining 3.7 g of dehydrated brain heart infusion (BBL) 
and 2 g of d-mannitol (Difco) per 100 ml of distilled 
water served as the basal medium for subsequent ex- 
periments. 

Since the effectiveness of NaCl as a selective agent for 
isolation of has been demonstrated 
(Chapman, 1946), comparative studies were conducted 
to determine the optimal concentration allowing suf- 
ficient growth of staphylococci to produce detectable 
coagulase after a short incubation period in the pres- 
ence of other microorganisms. The effect of 2 to 15 per 
cent NaCl on the growth of Staphylococcus aureus,® 
Streptococcus faecalis, Salmonella typhimurium, Es- 
cherichia coli, Bacillus subtilis, Paracolon Z10, and 
representatives of the natural flora of foods was de- 
termined. The gram negative organisms were inhibited 
markedly by 3.7 per cent NaCl, but higher concentra- 
tions were necessary to obtain comparable inhibition 


staphylococci 


6 All cultures of Staphylococcus aureus were isolated from 
foods implicated in poisoning outbreaks and were entero- 
toxigenic as indicated by intravenous injection of heated cul- 
ture filtrates into cats. Bacillus subtilis was isolated from food 
involved in a single family outbreak. All other organisms used 
were from acknowledged culture collections. 
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of S. faecalis and B. subtilis. On the other hand, con- 
centrations above 6.6 per cent NaCl did not permit 
sufficient growth of S. aureus to produce detectable 
coagulase in the 4 to 6 hr incubation period desired for 
this test. 

As a guide to choosing the most suitable concentra- 
tion in the range between 3.7 and 6.6 per cent, growth 
studies were performed in broth containing 4.2, 5.0, 
6.0, and 7.5 per cent NaCl. A portion of the brain heart 
infusion mannitol broth without added NaCl was used 
as a control. Each medium was dispensed in 1.5-ml 
amounts per tube and autoclaved at 121 C for 15 min. 
Where 0.2 ml of blended food, prepared as described 
below, was added to each tube, the final concentra- 
tions of NaCl in these media were reduced to ap- 
proximately 3.7, 4.4, 5.3, and 6.6 per cent, respectively. 
Precooked ham was obtained in a retail market and 
ground in a sterile meat chopper. Custard was prepared 
in the laboratory from eggs, corn starch, sugar, milk, 
and vanilla. The foods were dispensed into separate, 
sterile beakers, autoclaved at 115 C (the ham for 10 
min and the custard for 6), and allowed to cool to room 
temperature before use. Cell suspensions of S. aureus 
(196E), S. faecalis, and B. subtilis were prepared 
separately in sterile phosphate dilution water (Butter- 
field, 1933) from 18-hr trypticase soy agar slant cultures 
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Figure 1. Effect of NaCl on growth of microorganisms in brain heart infusion mannitol broth inoculated with contaminated ham 
during 6 hr incubation with shaking at 35 C. 
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and were adjusted to turbidity values for which the 
corresponding numbers of viable cells had been previ- 
ously determined. Three 20-g aliquots of each food were 
transferred to individual Waring Blendor jars and 
inoculated with one of the test organisms. A total 
volume of 200 ml of sterile phosphate dilution water 
(including that in the cell suspensions) was added to 
each food aliquot. The combinations were mixed for 2 
min at low speed in a Waring Blendor, and then were 
used to inoculate each of four tubes of the five media. 
Contents of duplicate tubes of each blend-medium 
combination were plated to determine viable numbers 
of cells before incubation. The remaining tubes were 
incubated with shaking for 6 hr at 35 C, after which 
duplicate tubes were examined by plate count. All 
plates were prepared using trypticase soy agar (BBL) 
and were incubated at 35 C for approximately 18 hr. 

The results of a typical experiment are summarized 
in figure 1 which shows the growth obtained after 6 
hr of incubation with shaking of the salt media inocu- 
lated with contaminated ham. Similar but more striking 
results were obtained with the custard blend which 
showed even more abundant growth of S. aureus in all 
media without concomitant increase of S. faecalis and 
B. subtilis. These data indicate that when the broth 
contained 5.3 or 6.6 per cent NaCl the growth of S. 
aureus Was significantly greater than that of the other 
test organisms, whereas at lower NaCl concentrations 
S. faecalis was not adequately inhibited. 

Evidence regarding the relative merits of using 5.0 
or 6.6 per cent NaCl in the selective medium was ob- 
tained by comparing coagulase production of S. aureus 
in the presence of large numbers of other microorgan- 
isms. In a typical experiment, ham was inoculated with 
a mixture of S. faecalis and B. subtilis totaling ap- 
proximately 150 million per g and with S. aureus at the 
three following levels per g: (a) 12,700,000; (b) 
2,500,000; and (c) 500,000. A sample of the food con- 
taining S. faecalis and B. subtilis, but no staphylococci, 
was used for a control. Blends of these food samples 
were prepared as described above, except that 99 ml of 
diluent was used per 20-g food aliquot and 0.5-ml 


TABLE 1 


Effect of NaCl concentration on production of detectable 
coagulase by staphylococci during 6 hr shaking 
incubation 


No. of Staphylococci per g of | Per Cent of NaClin | Detection of Coagulase 
Ham* 


Broth by Plasma Tube Test 
12,700,000 5 + 
12,700,000 6.6 oo 
2,500,000 5 + 
2,500 ,000 6.6 - 
500,000 | 5 + 
500 ,000 6.6 — 


* In the presence of a mixture of Streptococcus faecalis and 
Bacillus subtilis totaling 150 million per g of ham. 
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amounts of the blends were used to inoculate 1.0-11 
volumes of the media. After 6 hr of incubation with 
shaking at 35 C, the cultures were examined for coagu- 
lase by the tube test (Difco Manual, 1953). The results 
in table 1 show that detectable coagulase was produced 
by all three levels of S. aureus when 5 per cent NaCl 
was employed, but only from the highest level when 
6.6 per cent NaCl was present. A selective medium 
containing 5 per cent NaCl in the inoculated broth 
(7.5 per cent in the sterile broth) was chosen in order to 
obtain the desired sensitivity of the test. 

Selection of period of incubation with shaking. <A\- 
though foods incriminated in outbreaks often contain 
millions of staphylococci per g, epidemiological data 
indicate that fewer organisms may produce sufficient 
enterotoxin to induce food poisoning symptoms. . The 
lowest such value found in the literature was of the 
order of 500,000 per g (Allison, 1949). Ability to detect 
this level of S. aureus ina 7- to 9-hr period was chosen 
as the sensitivity criterion for the rapid test. The 7- to 
9-hr period would be divided between incubation 
with shaking of the inoculated selective medium and 
examination of the resultant cultures for coagulase. Six 
hr would be available for incubation with shaking, since 
a fixed maximum of 3 hr is specified for the coagulase 
test. 

Preliminary investigations had indicated that  in- 
cubation with shaking of less than 4 hr allowed in- 
sufficient growth of staphylococci for the purpose of this 
test; therefore, further comparisons were made of the 
effect of 4, 5, and 6 hr of incubation with shaking. The 
procedure for a typical experiment was as follows. Cell 
suspensions of S. faecalis, B. subtilis, S. typhimurium, 
and S. aureus were prepared as previously described 
and were added to sterile custard so that the food 
samples contained the levels of contamination as in- 


TABLE 2 
Detection of staphylococci in custard using various 
shaking incubation periods 





Direct Microscopic and Coagulase Test 

Staphylococcus 
aureus (strain 
196E); No. Pres- 





No. fields in 25 


Hr shaking containing Earliest hr of Total time for 


12,000,000 4 25 2 6 
12,000,000 5 25 2 7 
12,000,000 6 25 : 8 
2,300,000 4 19 3 7 
2,300,000 5 ss i 2 7 
2,300,000 6 25 | 2 8 
235,000 4 9 None 

235,000 5 25 None 

235,000 6 25 | 3 9 


* In the presence of a mixture of S. faecalis, S. typhimurium, 
and B. subtilis totaling 105 million per g of food. 

7 Read after 1, 2, and 3 hr incubation in a 37 C water bath. 

t This figure represents the sum of the shaking incubation 
period and the time required for the coagulase test. 
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dicated in table 2. Each sample was blended and inocu- 
lated into the selective medium as described in the last 
paragraph of the preceding section. The total time re- 
quired to detect varying levels of S. aureus, using dif- 
ferent incubation periods with shaking, is indicated in 
table 2. These data show that coagulase was readily 
detected after 4 or 5 hr of shaking when the custard 
contained 2 to 12 million staphylococci per g. How- 
ever, 6 hr of incubation with shaking were required 
before coagulase could be detected in broth inoculated 
with custard containing as few as 235,000 staphylococci 
per g. On the basis of these results and similar observa- 
tions with 14 other staphylococcal strains and 4 other 
foods, a 6-hr incubation period with shaking was 
chosen for the test because this was the shortest time in 
which concentrations of staphylococci below 500,000 
per g could be detected consistently. 

Proposed basic procedure. The method evolved from 
this study is diagrammed in figure 2 and described 
below. 

A 20-g aliquot of a solid food is mixed with 99 ml of 
sterile phosphate dilution water for 2 min at low speed 
in a Waring Blendor. Five-tenth-ml aliquots of the 
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Figure 2. Rapid test for Staphylococcus aureus in food 


TABLE 3 
Detection of Staphylococcus aureus in custard using 
various incubation conditions 





Coagulase Test* 





Type of Incubation Prior to Coagulase No. of Staphyl- it Reine : 


Hap ococci per G of | Staphylo- 

. Food coccus subtilis 
aureus also 
only presentt 

6 hr shaking at 35 C 7,950 a = 
275,000 _ - 

6 hr shaking at C 35 and 18 hr 7,950 _ _ 
stationary at 4 C 275,000 _ ~ 
2 hr shaking and 18 hr sta- 7,950 + a 
tionary at 35 C 275,000 _ 
18 hr stationary at 35 C 7,950 a a 
275,000 + a 

24 hr shaking at 35 C 7,950 rs + 
275,000 —- = 








* After 3 hr incubation in 37 C water bath. 
+ Two million per g added just before blending food and 
inoculating broth. 
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food blend or a liquid sample are added to 1.0-ml 
amounts of the selective broth medium in each of two 
tubes (15 by 125 mm) fitted with cotton stoppers. The 
accelerated growth of staphylococci was not noted 
when screw caps or solid stoppers were used. The selec- 
tive broth medium is prepared by adding 7.5 g of 
sodium chloride (reagent grade) to 100 ml of the brain 
heart’ infusion mannitol broth previously described. 
The pH value of the autoclaved medium is 7.4 to 7.5. 
The tubes of inoculated broth are placed in racks 
slanted approximately 20 degrees from the horizontal 
and incubated at 35 C on a reciprocating shaker operat- 
ing at 120 strokes per min. After 6 hr of shaking ineu- 
bation, the duplicate broth cultures are examined first 
microscopically with the aid of the Gram’s stain, and 
secondly by the coagulase test. Before staining, the 
slide preparation is immersed in xylene to remove fat. 
The presence of staphylococci in the food being ex- 
amined is established by the microscopic observation of 
abundant gram positive cocci in the characteristic 
clumped configuration and by the coagulation of 
plasma by the broth culture within 3 hr. 
Modifications of the method. If it is necessary to ex- 
amine a food sample when the basic procedure cannot 
be completed within 1 working day, any of several 
modifications may be used. Examination of the broth 
culture for staphylococci and coagulase may be de- 
ferred until the next day without reducing the sen- 
sitivity of the test, provided the broth cultures have 
received one of the following treatments: (a) refrigera- 
tion (4 C) for 15 to 24 hr following the incubation with 
shaking at 35 C; (b) 2 hr shaking followed by 18 to 24 
hr stationary incubation at 35 C; or (ce) 18 to 24 hr 
stationary incubation at 35 C. Incubation with shaking 


TABLE 4 
Detection of Staphylococcus aureus in custard and ham 
in the presence and absence of aerobic sporeformers 








Time to Detect Coagulase- 


Staphylococci positive Cocci* 





Staphylococ- 


Food Examined ;>————— 2 
Bacillus 








Strain added No. ot ee & | cus aureus | subtilis also 
only | presentT 
Custard 196E 2,200 9 | Negt 
21,500 | 7 Negt 
| 43,500 7 9 
| Ms 149 | 2,900 8 Negt 
| | 17,000 7 9 
Ham 19%E | 48,2008 7 Negt 
167 ,500 7 9 
Ms 149 19 ,000§ 7 8 











*Six hr of this figure represent the shaking incubation 
period. Hr in addition to 6 represent the earliest hr of plasma 
coagulation. Every coagulase positive culture contained abun- 
dant typical gram positive cocci. 

+ B. subtilis present in numbers ranging from 4 to 15 mil- 
lion per g of food as determined by plate count. 

t Negative after 9 hr. 
§ Lowest level of strain examined in ham. 
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for 18 to 24 hr at 35 C is not satisfactory, because false 
negative coagulase tests may occur. In a number of 
cases, when broth cultures were coagulase-positive 
after 6 hr incubation with shaking, replicate cultures 
were negative after 18 to 24 hr shaking. This occurred 
when staphylococci were the only viable cells detected 
in the food, as well as when aerobic sporeformers were 
present. Representative data obtained by comparison 
of these modifications are presented in table 3. These 
data indicate that the alternative incubation conditions 
mentioned above yield results comparable to the basic 
procedure, but they are less rapid. 


SENSITIVITY OF THE Basic PRocEDURE 

The rapid test was evaluated in terms of its ability to 
detect concentrations of staphylococci at or below the 
minimum levels that are associated with food poisoning, 
that is, about 500,000 per g. Experiments were con- 
ducted using milk, ham, creamed chicken, and custard 
contaminated with staphylococci at levels well below 
this figure. In some instances, much larger numbers of 
B. subtilis were also added to determine their effect on 
the sensitivity of the test. 

The results of one of several experiments on the 
sensitivity of the test are shown in table 4. Positive 
coagulase tests were obtained in 7 to 9 hr when pure 
cultures of S. aureus, strains 196E and Ms 149, were 
present in concentrations from 2200 to 2900 per g of 
custard or 19,000 to 48,200 per g of ham. In the pres- 
ence of B. subtilis, which was added at the time of blend- 
ing the sample, recovery of S. aureus was possible only 
when strain 196E had grown to levels of 43,500 per g in 
custard and 167,500 per g in ham. However, strain Ms 
149 was detected at levels of 17,000 to 19,000 per g in 
both foods. These and many similar observations 
demonstrated that aerobic sporeformers tended to 
reduce the sensitivity of the test but did not interfere 
with recovery of staphylococci in numbers having real 
significance in relation to food poisoning. 
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SUMMARY 
A method has been developed which allows detection 
of Staphylococcus aureus in food within a 7- to 9-hr 
period. A selective culture technique in brain heart 
mannitol salt broth has been combined with the growth 
accelerating effect of agitation in air during incubation. 
Following the incubation with shaking of 4 to 6 hr at 
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35 C, the broth culture is used for a gram stained 
preparation and for the coagulase test. Modifications 
of the method are proposed for use when circumstances 
preclude completion of the entire procedure in a single 
working day. 

Studies with experimentally contaminated ham, 
custard, creamed chicken, and milk have been per- 
formed. When S. aureus was present in these foods in 
pure culture, it was detected in 7 to 9 hr at levels rang- 
ing from 2,200 to 48,200 per g, depending upon the 
food examined; whereas, in the presence of 4 to 15 million 
aerobic sporeformers per g, staphylococci were de- 
tected at levels ranging from 17,000 to 43,500 in cus- 
tard, and 19,000 to 167,500 in ham. In the presence of 
enterococci, salmonellae, and aerobic sporeformers 
totaling 105 million per g, staphylococci were de- 
tected at the level of 235,000 per g in a 9 hr total test 
period. These data indicate that the rapid test permits 
detection of S. aureus well below the level cited in the 
literature as the threshold for the production of suf- 
ficient enterotoxin to induce symptoms in man. 

Principal advantages of this new test are its speed, 
the simplicity of the procedure, and the ready avail- 
ability and low cost of the equipment required. Speed of 
the test is important in relation to epidemiological in- 
vestigations of food poisoning outbreaks, and the 
relative simplicity of the procedure makes it a feasible 
quality control test for commercially prepared nonsterile 
foods. The examination of clinical materials by this 
procedure has not been investigated, but the test 
should prove useful for the rapid detection of coagulase- 
positive staphylococci in such specimens. 
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An Occurrence of “Petite Colonie” Mutation in an Alcohol 


Distillery Yeast 
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During the early part of March, 1956, it was noticed 
in one of the Colonial Sugar Refining Company’s 
alcohol distilleries that, under the microscope, the cells 
of the yeast culture in use (Saccharomyces cerevisiae) 
were not as uniform in appearance as the cells of that 
strain had been in the past. The particular culture on 
which this observation was made was a reserve culture 
of the yeast which had been brought into daily use in the 
distillery 10 days previously. 


30 C for 3 to 6 days, the plates showed, in addition to 
normal yeast colonies, a high proportion (approxi- 
mately 20 per cent) of small, but fairly uniform, 
colonies. At the age of 3 days the two types of colonies 
were approximately 3.25 mm and 1.25 mm in diameter, 
respectively. The small colonies retained their charac- 
teristic appearance over many cultural transfers. 

The smallness of the colonies of the foreign yeast led 
to the suspection that “petite colonie’’ mutation of 
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Figure 1. Variation in colony size (incubation period of 72 hr at 30 C) 


A microscopic examination was then made of all the 
other reserve laboratory cultures of the yeast which 
were on hand. Each culture showed the same _ phe- 
nomenon. 

The variation in forms observed appeared to be con- 
sistent with either (1) contamination of the culture 
with another yeast, or (2) mutation of the distillery 
yeast. 


EXPERIMENTAL METHODS AND RESULTS 


Samples drawn from the different ferment vessels at 
the distillery and the various laboratory cultures were 


plated out on malt-extract agar. After incubation at 


TABLE 1 


Growth of yeast in presence of acriflavine 





No. of Colonies per Plate 


Conc of Acriflavine (Avg of Quadruplicate Plates) 





0 61 








1:100,000 52 


1:10,000 52 


the distillery yeast might have occurred (Ephrussi, 
1948, 1950; Ephrussi et al., 1949; Ephrussi and Hottin- 
guer 1950). 

Accordingly, the small colony yeast isolated from the 
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FERMENTATION TIME-HOURS— 


Figure 2. Comparison of rates of formation of alcohol in 28 
Bx molasses wort by distillery yeast and by ‘‘petite colonie”’ 
yeasts. 


distillery yeast cultures was compared with a “petite 
colonie” yeast prepared from the distillery yeast by 
treatment with acriflavine according to the method of 
Ephrussi et al. (1949). 

The culture selected for treatment was a purified 
isolate from the distillery yeast. After treatment with 
acriflavine (May and Baker, BCP)! in a concentration 
of 1:10,000, approximately 85 per cent of the cells 
were “petite.”” That the action of acriflavine was not 
simply one of selection was shown by plating a dilution 
of the distillery yeast on malt agar with and without 
acriflavine (1:100,000 and 1:10,000). The counts ob- 
tained on the plates are shown in table 1. 

The two small colony yeasts were found to be closely 
similar in appearance (figure 1) and both gave negative 
tests for indophenol oxidase (Nadi reaction) and 
succinic dehydrogenase (Thunberg method). 


1May & Baker Ltd., Dagenham, England. 
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Moreover, the rates of formation of alcohol from 
molasses worts were found to be almost identical, 
although much less than that of the distillery yeast 
(figure 2). For this purpose, small flasks of molasses 
wort (28 Bx) were sown with wort cultures of the three 
yeasts to give the same initial concentration of cells. 
The rates of alcohol formation at 30 C were determined 
by measurement of density of distillate at regular 
intervals during distillation. The results obtained are 
shown in figure 2. It is clear from this figure that the 
two small colony yeasts form alcohol too slowly to be of 
use industrially. 

The absorption bands for reduced cytochromes were 
examined on cells grown aerobically, harvested centrif- 
ugally and cooled in liquid air, using a Beck? hand 
spectroscope. With the distillery yeast, a-bands a, b, 
and ¢ were distinguishable. Both small colony yeasts 
showed only one distinct band, the ¢ band. 


DISCUSSION 


In the present work we have recorded the appearance 
of “‘petite colonie’’ mutation in reserve cultures of a 
strain of yeast being used in one of our distilleries for 
the production of industrial alcohol from molasses. 

Such an occurrence is of considerable interest to the 
fermentation industry. As far as we are aware, this is 
the first occasion on which “petite colonie” variation 
has been observed in cultures of yeast in industrial use. 

Unfortunately, the records of the distillery involved 
gave us no clue to the cause of the variation, as no 
unusual circumstances were noted in the routine 
propagation of the seed yeast. In view, however, of the 
fact that high proportions (some 20 per cent) of ‘‘petite 
colonie’’ yeasts were observed to be present at all of the 
different stages of ferment preparation, it is evident 
that mutation must have taken place in the primary 
culture stage, namely, the laboratory culture. 

Attention was given to the possibility that some 
particular batch of cane molasses used for making up 
worts might have been responsible for the change which 
occurred. Laboratory trials with the various batches of 
molasses in stock, however, failed to reproduce the 
effect. 

Yet another possible explanation for the phenomenon 
was the production of “petite colonie” yeast through 
growth at an elevated temperature (Yéas, 1956) such 
as could occur through failure of an incubator thermo- 
stat. However, this possibility was made more remote 


by our failure to obtain “petite colonie” variants from | 


the distillery yeast under the conditions described by 
Yéas. 


Hence, the reason for the outbreak of ‘‘petite colonie” 


mutation in the yeast remains unknown. 


2R. & J. Beck Ltd., London, England. 
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SUMMARY 


“Petite colonie”’ mutation was shown to have taken 
place in reserve cultures of a strain of yeast being used 
in the production of alcohol from cane molasses. No 
reason for the change was apparent. 

The “‘petite colonie”’ yeast was found to form alcohol 
from molasses much more slowly than did the original 
distillery yeast. 
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Most of the selected strains of microorganisms used 
in industry are unstable, in the sense that they undergo 


} biochemical and morphological changes on repeated 


transfer to fresh medium. Especially notorious in this 


respect are the solvent-producing clostridia (Kutzenok 
jand Aschner, 1952) and some cultures of Streptomyces 


griseus (Williams and McCoy, 1953). The early litera- 
ture on degeneration of clostridia has been cited by 
Perlman et al. (1954) in an article describing similar 
behavior of an asporogenous mutant of S. griseus. The 


‘latter workers found, for example, that S. griseus lost 
tits ability to produce streptomycin after six or eight 
serial transfers, although it retained its ability to use 
‘glucose and to form vitamin By. Furthermore, they 
jconfirmed the widely held view that increasing the 
‘frequency of transfer brings about more rapid degenera- 


tion. 
I'rom such reports it is often inferred that continuous 


‘fermentation is impractical, the argument being that if 


frequent subculture is harmful then to hold a culture in 


active growth all the time will surely bring about rapid 


deterioration. To read the literature on this point is 


; Presented in part at the 128th Meeting of the American 


Chemical Society, Minneapolis, Minnesota, September 11 to 
916, 1955. 


* Present address: Department of Chemical and Metallurgi- 


cal Engineering, Cornell University, Ithaca, New York. 
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FduPont de Nemours and Company, Inc., Wilmington, Dela- 
mWire. 





rather confusing because some writers have carelessly 
used the word “continuous” to describe apparatus or 
procedures which were in fact intermittent. The pur- 
pose of this experiment was to find out whether continu- 
ous culture causes more rapid or less rapid degeneration 
than serial transfer. A solvent-producing species of 
Clostridium was the only test organism used, but it may 
be fairly typical of other unstable microorganisms. We 
were particularly interested in its behavior when held 
continuously at a low level of growth in a rich medium, 
that is when held in the logarithmic growth phase under 
conditions similar to those in the cell propagator of a 
multiple-tank system. The experiments of Novick and 
Szilard (1950) with the ‘“‘chemostat”’ are not comparable 
because growth was limited by a scarce nutrient rather 
than by washout of the cells. 


MATERIALS AND METHODS 


All of the work was done with a strain of Clostridium 
saccharoacetobutylicum* which has been described in the 
patent literature (Woodruff et al., 1937). Solvent 
production in a molasses medium is normally about 30 
per cent of the sugar fermented, and composition of the 
solvent is roughly 70 per cent butanol, 26.5 per cent 
acetone, and 2.5 per cent ethanol. The medium used 
here was similar to that of Kutzenok and Aschner 
(1952) and consisted of 0.5 per cent peptone (Difco), 


4 Obtained from F. C. Arzberger through the courtesy of 
the Commercial Solvents Corporation, Terre Haute, Indiana. 
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0.5 per cent yeast extract (Difco), and 1.0 per cent 
glucose. The ingredients were not separately sterilized. 
Temperature was maintained at 35 C for both fermenta- 
tion and growth. 

A vessel for continuous culture was constructed from 
a 35 by 200 mm test tube. The provision for adding 
sterile medium was essentially as described by Finn and 
Wilson (1954), and an effluent port of 8-mm glass tub- 
ing was sealed into the propagator 14% in. from the 
bottom, although broth plus cells were finally dis- 
charged through an adjustable overflow leg. Flow in 
and out of the apparatus was at a rate of 1.70 ml per 
min, and since the hold-up of broth was 77 ml, the 
average retention time for the culture was about 45 
min. 

In a laboratory apparatus of this type, a troublesome 
growth of microorganisms on the walls is commonly en- 
countered. For example, the broth in the propagator 
may be only slightly turbid, indicating that the or- 
ganisms are in an early phase of the growth cycle, yet 
the amount of bacterial substance clinging to the walls 
may be sufficient to cause a high concentration of 
metabolic products. This situation would not be so 
serious in a large tank, where the ratio of volume to 
surface is higher, but it had to be overcome in the 
laboratory work reported here. The only successful 
solution devised was to scour the walls with small glass 
particles (1% in. glass helices crushed in a mortar). These 
were filled into the propagator to a depth of about 34 in. 
and were stirred at moderate speed by a large — 
The latter consisted of a single blade, 1 in. by 114 in., 
cut from 14 ¢-in. Teflon sheet. 

The degeneration experiment was carried out as 
follows. A culture was brought up in the continuous 
propagator, and when gassing was sufficient to insure 
that anaerobic conditions could be maintained (about 
3 hr after inoculation), the flow of sterile nutrient was 
started. A portion of the culture used in starting the 
propagator was also used to inoculate flasks for serial 
transfer experiments. A serial transfer consisted in 
removing 5 ml of a 24-hr culture to 120 ml of fresh 
medium in a 125-ml flask. Every other day samples 
were removed from the flow apparatus and used to 
inoculate flasks for batch fermentations. Analyses on 
batch fermentations were made at the end of 60 hr, 
and the cultures in serial transfer were also analyzed 
after 60 hr. 

Procedures for determining glucose (anthrone re- 
agent) and acetone (alkaline salicaldehyde) were those 
recommended by Neish (1952). Partition chromatog- 
raphy as a method of analysis for butanol and ethanol 
became too tedious for routine use, and equally good 
results were obtained with a rapid colorimetric method 
(Reid and Truelove, 1952) which uses ceric ion in nitric 
acid. Butanol and ethanol gave approximately the same 
color on a weight basis, and acetone did not interfere. 


R. K. FINN AND J. E. 


NOWREY 


Apparently this convenient way 
alcohols has not been 
studies. 

Growth was followed by measuring the optical ab- 
sorbance of washed cell suspensions at 655 my and 
also by seattered-light measurements (Coleman Nepho- 
Colorimeter Model 9).* 


of analyzing for 
used much in fermentation 


RESULTS AND DiIscussION 


The glucose utilization, pH, and solvent production 
at 60 hr were chosen as criteria for ‘“degeneration”: 
Kutzenok and Aschner (1952) have shown that these 
characteristics reflect other deep-seated changes in 
morphology and serology. Figure 1 compares the be. 
havior of C. saccharoacetobutylicum when subcultured 
intermittently and continuously. The continuous propa- 
gator was operated for 14 days, after which a final 
sample was taken and subsequently transferred to 
fresh medium at 24-hr intervals for another 4 days. 

The contrast between continuous and intermittent 
culture is immediately evident from figure 1. After 
4 serial transfers there were signs of severe degeners- 
tion (in other experiments it was occasionally possible 
to get 5 or 6 passages), but the continuously-grown 
cells retained their ability to use glucose and to form 
solvents. The comparison is even more striking if ex- 
pressed in terms of cell generations instead of days; 
whereas only 19 generations occurred in 4 serial trans- 
fers,® there were about 650 cell generations in the 

5 Coleman Instruments, Ine., Maywood, Illinois. 

6 Calculated from the formula n/n = 2¢ and from the fac! 
that n/n was 125 ml per 5 ml (allowing no loss in viability 
The number of generations, g, was 4.65 per transfer. For con 


tinuous culture the observed generation time of 31 min was 
used to make the estimate. 
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Figure 1. A comparison of serial transfer and continuoli 


propagation (followed by several transfers) for a strain ¢ 
Clostridium saccharoacetobutylicium. 


[voL.7F 





1959| 


pec eK ay oe 


propa 
} within 
the « 
batch 
in fin 
decre: 
chang 
cultie 
of gre 
Th 

to th 
their 
withs 
degen 
arise 
whick 
tion « 
of th 
Such 
it hel 
Th 
not a 
in it. 
to pr 
propa 
inocu! 
) conta 
action 
were 1 
gation 
to pro 
Then, 
tainec 
Lt: 

: tinuot 
organ 
ing e 





| 


matic 
| two t 
hadvar 
j abilit: 


cally 


i forme 
and t! 
‘of col 


) broth 


pat lea 
be dis 
] 
jalway 
is no 
rapid. 
desire 


in 1c 


tstrain 
Sconiu 
ing of 








peesacsaney 


ou, Tf 1959) 
» for propagator. Some changes, however, were taking place 
ation within the propagator because at the end of 2 weeks 
'the continuous culture could sustain only a single 
1 ab. batchwise transfer. Furthermore, a downward trend 
and in final pH from the 6th to the 12th day indicated a 
epho- decreasing ability to reduce acids to solvents. These 
changes may have been due in part to operating diffi- 
culties with the propagator which allowed high levels 
F of growth on oceasion. 
ction The results for intermittent subculture were similar 
ion”: to those of Kutzenok and Aschner (1952), although 
these} their organism, a strain of Clostridium butylicum, could 
es inf withstand 7 to 9 passages before the sudden onset of 
1e bef degeneration. The explanation was offered that mutants 
tured? arise Which have enhanced acid-producing abilities but 
yropa-f, Which do not have the necessary enzymes for the reduc- 
final tion of acids. Because a low pH in turn favors growth 
ed tof of the mutants, degeneration becomes autocatalytic. 
ivs. | Such an explanation may be an oversimplified one, but 
ittent it helps to account for many of the observations. 
After The growth medium used for the present study was 
enera-| not a favorable one because clostridia were so unstable 
yssiblef in it. Nevertheless it was chosen deliberately in order 
growif to provide as severe a test as possible of continuous 
y form}, propagation. In other experiments (Nowrey, 1955) the 
if ex-— inoculum medium of Perlman (1948) was used, which 
days:— contained added salts’ and which had more buffering 
trans} action. In this medium, 13 to 15 successive transfers 
in the}, Were required for degeneration. After continuous propa- 
gation for 10 days in Perlman’s medium the cells failed 
he facia &° produce solvents unless calcium carbonate was added. 
bility, |) Then, however, normal batch fermentation was ob- 
‘or con: tained, with good yield of solvent. 
nin Was It was not really an unexpected result for the con- 
tinuously-grown cells to be more stable. If micro- 
organisms are kept in a constant instead of a fluctuat- 
- ing environment, no adaptive changes in their enzy- 
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strain 0 


matic make-up can occur. With regard to mutants, only 
ito types need cause concern as possessing selective 
‘advantage in the propagator; those with enhanced 
jability to cling to the walls, and those with an intrinsi- 
jeally higher growth rate in the medium chosen. The 
jformer type can be eliminated by mechanical devices, 
sand the latter type can be controlled by proper choice 
‘of constituents in the medium. To devise a suitable 
‘broth for continuous fermentation may not be easy, but 
jat least the depletion of nutrients present initially can 
} be discounted as a factor favoring selection if growth is 
always kept somewhere in the exponential phase. There 
is no reason, of course, to avoid the development of 
}rapid-growing strains, provided they can supply the 
desired fermentation product in high yield. There was 
in fact some evidence that the generation time of our 
Strain of C. saccharoacetobutylicum decreased during its 
J continuous propagation. Some day perhaps the screen- 
ing of cultures for rapid growth may be as common- 
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place as screening for a combination of biological 
activity and low pigment production. 

Experiments reported here do not conflict with the 
observation that changes may occur more rapidly when 
the frequency of intermittent subculture is increased. 
If mutants arise which are less sensitive to toxic cell 
products or which can continue to multiply at a lower 
nutrilite concentration, and if such mutants can com- 
pete favorably with the original type when transferred 
to fresh medium, then their relative proportion will 
be boosted with each successive transfer. The rate of 
degeneration will be greater as the ‘environmental 
stress’? becomes more frequent, (that is, more frequent 
subculture). On the other hand, if the intervals between 
transfer become short enough, the culture does not 
proceed far into the phase of declining growth rate and 
the intensity of the repeated stress is lessened. As an 
illustration, one can cite the early experience of the 
Wisconsin group (Williams, 1936, Phelps, 1941). By 
transferring clostridia at 12-hr intervals instead of at 
24-hr intervals it was possible to carry corn-mash cul- 
tures through 90 or more transfers instead of 40 to 50 
transfers; continuous propagation being ap- 
proached. Nevertheless it is impractical to simulate 
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Figure 2. Brevity of the logarithmic phase is illustrated in 
this comparison of methods for following growth. (Medium of 
Kutzenok and Aschner but with 5 per cent glucose.) 
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the continuous propagator by a series of rapid transfers 
because the logarithmic phase is generally so short. 
Figure 2 shows that, with the medium of Kutzenok and 
Aschner as used here, the culture passed beyond its 
logarithmic growth phase even before reliable readings 
could be taken of its optical absorbance. 

Finally it should be emphasized that each fermenta- 
tion process has its unique problems of culture stability. 
Where heterokaryosis is involved (Haas et al., 1956) it 
may be exceedingly difficult to adjust the growth 
medium so as to maintain the desired strain. Any 
deeper understanding of variation must, of course, 
rest on the sort of nutritional studies which have been 
sarried out so extensively for Brucella species; this note 
merely points out that stability in continuous culture 
‘cannot be predicted from the behavior of an organism 
on repeated transfer. 


SUMMARY 


Cells of a strain of Clostridium saccharoacetobutylicum 
showed less tendency to degenerate when held in log- 
arithmic growth in a continuous propagator than when 
serially transferred in flasks at 24-hr intervals. This 
means that the usual laboratory subculturing is not a 
reliable guide to the feasibility of continuous fermenta- 
tion. Broad generalizations about stability should be 
interpreted cautiously until other microorganisms are 
tested. 


R. K. FINN AND J. E. NOWREY 
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In the past fifty years, no recorded case of botulism 
has been attributed to surface ripened cheese (Meyer 
and Eddie, 1950). When cheese spread was prepared 
from one type of surface ripened cheese, botulinum 


‘toxin was demonstrated in only one out of several 


million jars (Dauer, 1952). The fact that botulism was 
never observed with the original surface ripened cheese 
from which cheese spreads were made may be because, 
in the preparation of cheese spreads, the natural micro- 
bial flora is altered by heat. Subsequently, the heat 
resistant spores of Clostridium botulinum may germinate 
and produce toxin (Wagenaar and Dack, 1958). The 
purpose of this investigation is to search for a growth 
inhibiting factor(s) for C. botulinum and certain molds 
in types I and III surface ripened cheeses.’ 


MATERIALS AND METHODS 


Cultural methods. A culture of type A C. botulinum 
(strain T) was obtained from the Department of Micro- 
biology, University of Chicago. The stock culture was 
transferred semiannually in Rosenow brain broth, incu- 
bated for 10 days at 30°C and stored at 4C. Spore 
suspensions of C’. botulinum were produced in 5 per cent 
trypticase broth at 30C in anaerobic desiccators as 
described by Wagenaar and Dack (1958). The spores 
were harvested by centrifugation and repeated washing 
with phosphate buffer (pH 7) and heated at 85 C for 
10 min in order to heat shock them and destroy any 
toxin which may have been present. Counts of spores 
were made by seeding beef infusion agar with appro- 
priate dilutions of the stock spore suspension in oval 
Prickett tubes. This agar was stratified with approxi- 
mately 2 em of 2 per cent agar containing 0.2 per cent 
sodium thioglycolate to create anaerobiosis. 

The following mold cultures were employed: Peni- 
cillium italicum, P. expansum, P. digitatum, P. camem- 
berti, and a contaminant species of Penicillium isolated 

‘This study was supported by a grant from the National 
Cheese Institute. 

2 The data in this report were taken in part from material 
‘presented by N. Grecz in partial fulfillment of the require- 
‘ments for the M.S. degree at the Illinois Institute of Tech- 
jnology. 
| *To avoid use of brand names, surface ripened cheese has 
“been classified types I, II, and III. The flora of type I is made 
\up of bacteria and yeasts; II is made up of molds; and III is 
Mpened primarily by bacteria. 
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from a jar of type I cheese spread. To test the ability 
of the molds to grow on various cheeses, a slice of each 
respective cheese was placed into a Petri dish, streaked 
with the desired mold, and incubated at room tempera- 
ture. Sterile, distilled water was added to the bottom of 
the Petri dish to prevent excessive drying of the cheese. 
Cheese preparations. Surface ripened cheese, type I, 
was obtained from the manufacturer as composite lots 
in polyethylene bags encased in fiberboard drums. The 
age of the cheese on the day of arrival at this laboratory 
was between 23 and 30 days. The bulk lot of type I 
cheese was stored at 2 to 4C after arrival at this lab- 
oratory. The effect of length of storage at 2 to 4.C on 
the ability of the cheese to support growth and toxin 
production of C. botulinum was studied. The first ex- 
periment was done as soon as possible after the cheese 
arrived. Four additional experiments were conducted at 
biweekly intervals. For each experiment, an appropriate 
portion was removed from the bulk cheese and made 
into a cheese preparation as described by Wagenaar 
and Dack (1958). Approximately 10 per cent of dis- 
tilled water was added to the preparation to yield a 
favorable brine concentration for bacterial growth in 
the basic spread. The normal salt content of surface 
ripened cheese, type I, was in excess of 3 per cent. 
Reagent grade NaCl was added to some of the samples 
to yield series having approximately 3.0, 3.5, 4.0, 4.5, 
and 5.0 per cent of salt. The cheese was pasteurized at 
90 C for 10 min in a water bath, cooled, and inoculated 
with approximately 100 spores of type A C. botulinum 
(strain T) per g of cheese. 
Cheese portions of 30 g each were weighed into sterile 
25 by 150 mm culture tubes under a Blickman‘ hood. 
The remaining cheese portions were analyzed for pH, 
NaCl, and moisture content. The entire 30 tubes were 
placed into a desiccator jar. Anaerobiosis was estab- 
lished by 25 g of pyrogallic acid mixed with 25 g of 
sodium carbonate and 100 ml of HO, and evacuation 
of the atmosphere using Dack’s anaerobic apparatus 
(Jordan and Burrows, 1945). Ten per cent CO». was 
added to the jar before sealing. Incubation was at 
30 C. Samples were removed for toxin and pH analyses 
after 3, 7, 14, 30, and 60 days. 
The materials and methods used for studies on type 


‘S$. Blickman, Inc., Weehawken, New Jersey. 
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III cheese were essentially the same as was described 
for type I. The moisture level of type III cheese was 
lower than that observed with type I; therefore, ap- 
proximately 20 per cent distilled water was added to 
yield a favorable brine concentration in the basic 
preparation. 

Analytical methods. A model H2 Beckman*® pH meter 
was used for the pH analysis on undiluted samples. 
Moisture levels were determined by vacuum drying 
(Van Slyke and Price, 1952). The salt concentration 
was determined by titration with 0.1711 x AgNO; solu- 
tion using a 10 per cent potassium chromate indicator 
as described in Methods of Analysis for the Butter In- 
dustry (American Butter Institute, 1937). The brine 
concentration was calculated using the formula: 

; per cent salt X 100 
per cent brine = ——— aT aT ae aaa a 
per cent moisture + per cent salt 
Toxin was assayed by intraperitoneal injection of white 
mice with 0.3-ml portions of the supernatant fluid from 
centrifuged 1:5 aqueous dilutions of the cheese. If 
death occurred within 4 days, the sample was re-ex- 
amined with a test and a control mouse. In addition 
to the usual inoculum, one of the two mice received 
0.1 ml of botulinus antitoxin.® With each analysis, an 
uninoculated control cheese sample was included to 
test for any natural changes in cheese not due to 
C. botulinum and for the effect of such cheese per se 
on the mice. 

Obviously, actual germination of spores and vegeta- 
tive growth occurred some time prior to toxin forma- 
tion; however, it was assumed that the presence of 
detectable amounts of toxin reflected actual vigorous 
growth and that growth which did not produce detect- 
able amounts of toxin was insignificant. 


RESULTS 


Toxin production. Three series of experiments using 
different bulk lots of type I cheese were performed. 
Each lot contained a sufficient amount of cheese for 
five individual experiments spaced at biweekly inter- 
vals. In addition, two experiments were performed 
employing type I cheese stored for 14 and 15 weeks 
at 2 to 4C. After inoculation with spores of type A 
C. botulinum, the tubes were incubated anaerobically 
at 30°C, and representative tubes were removed for 
toxin and pH analyses after 3, 7, 14, 30, and 60 days 
of incubation. A total of 480 tubes were analyzed for 
the presence of toxin. As was evident from the summary 
of results in figure 1, aged cheese was less favorable for 
growth and toxin production of C. botulinum than fresh 
cheese. Growth inhibition of C. botulinum became 


5 Beckman Instruments, Inc., Fullerton, California. 
6 Jensen-Salsbery Laboratories, Inc., Kansas City, Mis- 
souri. 
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apparent after type I cheese was stored at 2 to 4 C for 
8 weeks or longer. 

As a rule, botulinum toxin was demonstrated in 
cheese preparations inoculated with spores of C. botu- 
linum after 7 days of incubation at 30 C. Toxic samples 
were detected in 3 days in only two instances. In older 
cheese the incubation period was prolonged to 60 days 
before the cheese became toxic. At higher NaCl con- 
centrations, growth was retarded. Therefore, varying 
quantities of NaCl were added in order to obtain a 
gradation of the growth response in different samples 
of the same experiment. The inhibitory action due to 
the age of the cheese seemed to be additive with the 
inhibitory effect of increasing concentrations of NaCl. 
Therefore, the variation of the highest level of NaCl 
brine concentration at which toxin production occurred 
van be taken as an indication of the magnitude of the 
inhibitory action due to the age of the cheese. 

A representative plot of highest NaCl brine concen- 
trations at which toxin was produced (figure 2) indi- 
sates that during storage of type I cheese at 2 to 4C 
some changes occur which make the cheese most favor- 
able for growth of C. botulinum. This change occurs 
after 4 to 6 weeks of storage and thereafter the cheese 
becomes increasingly inhibitory to C. botulinum: 

In all three series, type I cheese stored for 8 weeks 
at 2 to 4 C before experimental inoculation yielded the 
lowest number of toxic samples and required the longest 
incubation period for toxin production. The inhibition 
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Figure 1. Development of botulinum toxin in tubes of type 
I cheese spread inoculated with spores of type A Clostridium 
botulinum. The tubes of cheese spread were prepared from bulk 
samples of type I cheese stored at 2 to 4 C for the weeks indi- 
cated after which they were inoculated with botulinum spores 
and incubated anaerobically at 30 C. 
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of ©. botulinum was even more pronounced in type I 
cheese stored for periods longer than 8 weeks at 2 to 4 C. 
l'resh cheese seemed to be somewhat inferior as a 
growth medium for C’. botulinum compared with cheese 
stored at 2 to 4 C for 4 to 6 weeks. Analogous conclu- 
sions could be made from work with type III cheese. 
An interesting similarity of the action of NaCl and 
the inhibitory factor(s) of aged cheese was the ‘‘skip- 
ping effect”’ consisting of inconsistent C. botulinum 
activity in a series of similar samples. This effect 
appeared in samples containing high NaCl concentra- 
tions or in cheese stored for long periods at 2 to 4 C. 
Changes in pH. Although the pH changes of the in- 
dividual lots of type I cheese during 8 weeks of storage 
at 2 to 4 C were different in magnitude, they followed 
a well defined trend (figure 3). A rise in pH toward the 
alkaline range could be observed during the initial 
6 weeks of refrigerated storage of type I cheese. There- 
after the pH was stable for a considerable period of 
time. As will be evident from the results of fatty acid 
analyses described in a subsequent paper, there ap- 
peared to be some converse proportionality between 
the level of fatty acids and the pH values. However, 
it is not known whether this reflects a significant rela- 
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Figure 2. Toxin production of Clostridium botulinum type A 
in relation to aging and brine concentration in type I surface 
ripened cheese. 





INHIBITION OF MICROBIAL GROWTH IN SURFACE RIPENED CHEESE 35 


tionship since the kinetics of a number of changes in 
cheese may follow similar lines without necessarily 
being a cause-effect dependence. 

The pH values of type I cheese used for the present 
experimental series varied between 5.7 and 7.0. Two 
additional lots of cheese were stored at 2 to 4C for a 
period of 14 and 15 weeks, respectively. Both had a 
final pH of 6.2. 

Although the pH values of type III cheese were 
somewhat higher than those observed in type I, the same 
general trend toward the alkaline range was exhibited 
by type III cheese during storage at 2 to 4 C. Therefore, 
the pH of type III cheese indicated the degree of 
changes occurring during storage. In a series of experi- 
ments conducted with pooled cheese preparations from 
commercial type III cheese the following relationship 
between the initial pH and the level of toxin produced 
by C. botulinum on incubation at 30 C was observed. 


Initial pH of cheese Highest toxin level produced 


6.6 2000 MLD 
7.0 500 MLD 
7.3 Negative 
7.5 Negative 


After inoculation with C. botulinwm and anaerobic 
incubation at 30 C in a vacuum containing 10 per cent 
COs, the slope of the pH curve reversed toward 
more acid values and exhibited relatively uniform 
changes of pH during 60 days of incubation (figure 4). 
Samples which showed C. botulinum activity exhibited, 
as a rule, a greater decrease in pH than samples that 
did not contain toxin. 

Similar observations were made by McKee et al. 
(1958) who regarded a drop of 0.1 unit pH as an arbi- 
trary criterion of germination time of type C C. botu- 
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Figure 3. pH variations in type I cheese during storage at 
2to4C. 
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linum. McKee’s criterion could be applied te cheese 
only in a very general way since even control cheese 
samples not inoculated with C. botulinum showed some 
changes in pH during incubation. These changes are 
probably due to the activity of the natural microbial 
flora of the cheese which survives pasteurization, and 
also, to some degree, to the CO. atmosphere in the 
desiccators. 

Molds. Our laboratory observations during handling 
of cheese: indicated that different samples did not 
equally well support the development of mold con- 
taminants after exposure to laboratory air. This was 
in agreement with the earlier observations of the growth 
inhibitory activity for C. botulinum in aged, surface 
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Figure 4. Changes of pH in representative toxic and non- 
toxic samples of pasteurized type I cheese inoculated with 
spores of Clostridium botulinum and incubated at 30 C for 
periods up to 60 days. 
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ripened cheese. A series of experiments designed to 
study the role of the period of storage of surface ripened 
cheese showed that the growth of several molds was 
completely suppressed in type I and type III cheese 
stored at 2 to 4 C for a period of 8 to 26 weeks (table 1), 

P. camemberti grew best on type III cheese aged for 
4 weeks at 2 to 4 C. Better growth was observed on the 
inner portion of the cheese cake than on the surface 
portion. This difference in growth response suggested 
that the inhibitor of mold growth is formed on the 
surface of the cake and slowly diffuses into the inner 
portion of the cake. Thus in very old cheese, in which 
concentration equilibrium probably has been reached, 
no difference between the surface and center portion of 
the cake was observed. The diffusion effect was also 
indicated by the difference in pH of the surface and the 
center portion in moderately aged and in old cheese. 
In moderately aged cheese the pH difference between 
the surface and the center portion of the cake is large 
(0.56) as compared with such difference in cheese aged 
for a longer time (0.35). Since the cheese becomes more 
alkaline as it ages and since the surface portion con- 
sistently has a more alkaline pH it is logical to think of 
the pH changes as a function of diffusion. Analogously, 
the concentration of the inhibitor of mold growth in 
different parts of the cake could be thought of as a 
function of diffusion from the surface to the center of 
the cheese cake. 

P. camemberti and the contaminant Penicillium spp. 
mold grew well on most cheese samples aged for less 
than 8 weeks at 2 to 4 C. Heat treatment of the cheese 
at 121.C for 15 min improved the cheese as growth 
media for all molds used in this study. 

P. expansum, P. italicum, and P. digitatum did not 


TABLE 1 


Growth of Penicillium molds on surface ripened cheese aged for various periods of time at 2 to 4 C prior to inoculation 








Se Age of Cheese* Portion of Cake Heat Treatmentt pH P. a ee Se P. italicum |\P. expansum | P. digitatum 
I Fresh Whole None 5.8 oes = = 
Heated 5.8 4++44 ee 1 
I Moderate Whole None 6.1 - eo Es 
Heated 6.1 + + ae 
I Old Whole None 6.2 - _ _ _ 
Heated 6.2 = ~ os = 
III Moderate Surface None 6.9 + _ ass = = 
Heated 6.9 +4 4. ee = =f 
III Moderate Center None 6.5 +++ _ - - _ 
Heated 6.5 +++ + + _ _ 
III Old Surface None 7.3 a _ _ a 
Heated ee _ _ - = 
III Old Center None 7.0 _ = a a 
Heated 7.0 ~ im as a 
* Age of cheese: fresh means stored at 2 to 4 C for 1 week; moderate means stored at 2 to 4 C for 2 to 7 weeks; and old means 


stored at 2 to 4 C for more than 8 weeks. 
+ Heated at 121 C for 15 min. 
Growth estimated as ++++ abundant, +++ good, ++ normal, + retarded, + faint, and — no growth. 
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grow on most of the cheese samples. Growth could only 
be obtained on fresh and moderately ripened samples 
which were heated at 121 C for 15 min. 

DIscUSSION 

In spite of the complexity of the system investigated, 
consistent data were obtained. This points to the fact 
that the occurrence of inhibition of C. botulinum in 
aged, surface ripened cheese is of a general nature. 
Growth inhibition in aged, surface ripened cheese may 
possibly be explained by the following factors: 

1. Fatty acids in cheese increase in the course of the 

normal ripening process (Van Slyke and Price, 1952). 
Roth and Halvorson (1952) showed that rancid fatty 
acids inhibited the germination of C. botulinwm spores. 
A detailed study of the fatty acids in type I cheese 
during storage at 2 to 4C was conducted, and the 
results will be presented in a separate paper. 
- 2. The pH was considered as a possible growth 
limiting factor. Dozier (1924) found that optimal pH 
values in a veal infusion peptone medium were 6.0 to 
8.2 for vegetative cells, and 6.0 to 7.2 for spores. Growth 
of C. botulinum occurred in the pH range 5 to 9. Numer- 
ous subsequent studies have essentially supported her 
findings. A relation of various pH levels in types I and 
III cheese to the activity of C. botulinum leads to the 
conclusion that the natural range of pH variations 
occurring in moderately ripened type I and III cheese 
does not inhibit the growth of C. botulinum. Excep- 
tional are perhaps the low pH values in fresh cheese 
(for example, pH 5.7), in which the growth of C. botuli- 
num is somewhat retarded as compared with aged 
cheese having a more alkaline pH. However, the slight 
retardation of growth of C. botulinum in fresh cheese is 
of secondary significance compared with the pro- 
nounced inhibition of C. botulinum in cheese stored at 
2to 4 C for 8 weeks or longer. On the scale of the total 
pH variations in types I and III cheese this significant 
inhibition occurred at the most favorable pH range in 
each individual lot of cheese. It may be concluded, 
therefore, that the pH did not contribute to the inhibi- 
tion of C. botulinum in aged cheese. 

3. The inhibition of C. botulinum observed in aged 
surface ripened cheese may also be of an antibiotic 
nature. As already stated, the cheese stored for 4 to 6 
weeks at 2 to 4 C is most favorable for the growth and 
toxin production of C. botulinum. The favorable condi- 
tions may be due to breakdown of proteins and other 
complex compounds similar to that known to occur in 
cheese during the curing process. The pH shifts to a 
more favorable range. It may be assumed that these 
conditions are also favorable for the growth of a number 
of organisms present in the natural flora of the cheese. 
An organism which produces a growth inhibitory com- 
pound may grow at the refrigeration temperatures used 
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in storage of cheese. The observations with molds indi- 
cate that the inhibitory agent is formed at the surface 
of the type III cheese cake and slowly penetrates 
toward the center. This points to an aerobic process for 
the development of the inhibiting agent. 

Additional work is needed to elucidate the phenome- 
non of inhibition of C. botulinum in aged cheese. Food 
poisoning organisms other than C. botulinum have not 
been associated with food poisoning outbreaks in aged, 
surface ripened cheese. 
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SUMMARY 


Two types of surface ripened cheese have been shown 
to become inhibitory to the growth and toxin produc- 
tion of Clostridium botulinum and to the growth of 
several Penicillium molds after storage at 2 to 4 C for 
8 weeks or longer. Cheese stored for a shorter time than 
8 weeks supported growth and toxin production of 
C. botulinum exhibiting optimum conditions after 4 to 
6 weeks of storage. 

Fresh type I cheese (less than 2 weeks of storage at 
2 to 4 C) was less favorable for growth and toxin pro- 
duction of C. botulinum, probably because of the rela- 
tively low pH of this cheese (5.7 to 5.8). The pH of type 
I and type III surface ripened cheese became progres- 
sively more alkaline during storage at 2 to 4C, and 
progressively more acid during anaerobic incubation at 
30 C in a vacuum containing 10 per cent COs. 

Heating at 121 C for 15 min slightly improved the 
cheese as a growth medium for several species of Peni- 
cillium. Mold growth on a cheese slice was more abun- 
dant on the center portion of the type III cheese cake 
than on the surface portion. 

Possible explanations of the origin of the growth 
inhibitory activity of aged, surface ripened cheese are 
discussed. : 
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Attempts to work out suitable media for the growth 
of Torulopsis utilis on a large scale and thereby obtain 
food yeast with a high protein content have met with 
success (Read, 1947; Agarwal et al., 1947; Floro et al., 
1948; Rosenquist, 1949). However, the yeast obtained 
so far has not been found fully acceptable as a food 
product because of its peculiar odor and taste. Mutant 
strains of the yeast were developed therefore in this 
laboratory by X-ray irradiations in order to explore 
whether a strain can be obtained which would be free 
from the above mentioned defects and that would, in 
addition, grow faster and produce better yields. The 
results of investigations on some of the mutant strains 
developed are recorded in this paper. 


MATERIALS AND METHODS 


Torulopsis utilis var. major was obtained from the 
Commonwealth Mycological Institute, Kew Garden, 
U. K., and will be referred to as strain T. Fresh sub- 
cultured strains of T were irradiated with different 
amounts of X-ray by exposing them to 250 kv X-ray, 
15 ma, unfiltered, 18 cm target to object distance at 
room temperature. Those strains obtained by irradiat- 
ing with 360 and 20,000 r were selected for investiga- 
tion. 

Strain T was irradiated with 360 and 20,000 r. The 
irradiated strains were subcultured in Petri dishes by 
dilution method using agar medium until a single 
colony of cells of uniform size was obtained. The strains, 
which will be referred to as strain T 360 and T 20,000, 
were maintained on agar slants. They were subcultured 
20 times before they were used. 

An additional mutant strain was developed from 
T 20,000 as follows: Fresh cultures of T 20,000 were 
heated for 30 min in a water bath at 60 C. The surviv- 
ing cells were subcultured and maintained by the same 
method as that used for the other strains. This strain 
will be referred to as T 20,000H. 
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Inoculums of strains T, T 360, T 20,000, and 
T 20,000H were prepared by growing them in synthetic 
medium for 24 hr. They were diluted with sterile water 
so that 1 ml diluted to 10 ml would give a Klett colori- 
metric reading of 100 at 420 mu. 

Ten ml of the diluted inoculum were added to 200 ml! 
of the synthetic medium! in conical flasks. The flasks 
were placed on a rotary shaker at 30 C. At different 
periods of fermentation, some flasks from each group 
were removed and the yeast cells collected by filtration. 
The sugar content of the filtrate and the yield of yeast 
cells were determined. For the collection of yeast for 
complete chemical analysis, the fermentation was 
allowed to progress in some flasks until the optimal 
growth was reached. 

Standard methods given in AOAC (1955) were used 
for the chemical analysis of the yeast samples. The 
essential amino acid and vitamin contents of the yeast 
samples were estimated by the microbiological assay 
method (Barton-Wright, 1952). For the estimation of 
nonessential amino acids, the protein hydrolyzate was 
prepared and the amino acids estimated according to 
the method of Rao and Wadhwani (1955). 


RESULTS AND DISCUSSION 


The growth of various strains of 7. utilis var. major 
is shown in figure 1. 
A comparison of the amount of yeast yielded by the 
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different strains is made in table 1. The chemical anal- * 


ysis of the various strains is given in table 2 and the 
amino acid composition in table 3. 

It can be observed from table 1, that T 20,000 gives 
a significantly better yield than the original as well as 
the other mutant strains. Its protein content is com- 


1 Synthetic medium consisted of (per L): glucose, 60 g; 
(NH,4)2SO,, 15 g; KesHPO,, 4.7 g; MgSO,-7H2O, i g; NaCl, 
0.5 g; CaCle, 0.05 g; FeCl;, 0.005 g; pH adjusted to 4.5 and 
autoclaved for 20 min at 20 pounds pressure. 
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Figure 1. Growth curve for different strains of Torulopsis utilis 
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TABLE 1 
Data showing yeast yield from original and mutant 
strains of Torulopsis utilis var. major 





nie Stand- | No. of Significance of Mean Difference 
Designation | Vie |*04,De| beer. | Getwoon Mutant Strain and 
g/L 
i 27.2 | 1.28 6 
T 360 24.7 | 1.13 6 t = 3.2, df = 10, p < 0.05 
T 20,000 36.3 | 1.40 6 t = 10.7, df = 10, p <,0.05 
7.3 | 1.81 6 t 


T 20,000H | 2 


TABLE 3 


Amino acid composition of yeast protein* 


Aspartic 


Strain Designation Alanine Arginine Acid Cystine aa 


T 


Pr 20,000H 


4.2 4.3 3.1 3.1 3.0 0.2 
T 360 4.1 3.9 3.7 3.7 3.3 2.3 
T 20,000 5.6 4.2 2.1 2.2 4.4 2.8 
s 4.5 6.2 ace 3.1 1.4 3.1 


* Quantities are expressed as g per 100 g of protein. 


TABLE 2 


Chemical analysis of different strains of yeast* 





Carbo- Minerals 
so Protein y op Fat Ash : — 

ag ducing Cal- Mag- “Fak Phos- 
sugar) cium /nesium phorus 

Torulopsis | 40.51; — — | 7.9 \0.10to — 1.81 to 
uttlist 0.13 1.94 
T 42.68) 36.22 | 2.1 | 4.8 | 0.25 | 1.260.06) 1.16 
T 360 43.51) 36.17 | 2.0 | 4.2 | 0.18 | 0.890.01) 1.50 
T 20,000 43.10) 39.85 | 1.9 | 5.96 0.14 | 0.750.01 1.46 
35.88) 39.70 | 1.8 | 5 ).800.01) 1.41 


T 20,000H 


-96 0.17 | ¢ 


* Quantities are expressed as g per 100 g of the sample. 
} Taken from the results of the other workers (Vincenty, 
1944; Thysen, 1945; Willey ef al., 1950). The studies cited were 
carried out on yeast grown in molasses whereas the present 
study was carried out on yeast grown in a synthetic medium. 


parable qualitatively and quantitatively to that of the 
original strain as is seen from tables 2 and 3. It was 
found to have the further advantage of possessing less 
odor and taste than that of the original yeast. 

Attempts are being made to grow T 20,000 on a large 
scale in sugar cane molasses medium for use in animal 
experiments. 
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= 0.01, df = 10, p > 0.05 
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SUMMARY 


An X-ray mutant which grows faster than the origi. 
nal strain has been obtained from Torulopsis utilis 


Isoleu- ae cine Phenyla- y.); > | Threo- |Tyro- | Trypto- 

a Leucine Lysine laniae Valine Serine ntan ese ms 
2.9 6.8 §.2 2.2 4.2) 3.5 3.2 3.2 12 
3.1 9.2 6.5 2.1 1.0°| 4.2 2.8 1.9 1.5 
3.6 7.8 7.8 2.9 e481 724 3.7 3.8 1.9 
3.1 3.1 4.2 0.9 4.3 | 3.1 5.1 3.1 0.6 


var. major by irradiating it with 20,000 r X-ray. It 
gives a high yield of palatable yeast with good quality 
protein. 

REFERENCES 


AGARWAL, P. N., Stncu, K., Kine, P. S., anp PErEerson, W 


H. 1947 Yields and vitamin content of food yeast grown 
on different kinds of molasses. Arch. Biochem., 14, 105- 
116. 


Association of Official Agricultural Chemists 1955 Official 
method of analysis, Ed. 8. Washington, D. C. 
Barton-WriGcuT, E. C. 1952 The microbiological assay of 
the vilamin B complex and amino acids. Pitman Publish- 
ing Corp., New York, New York. 
Fioro, M. B., Wiuutams, V., Ftock, W. A., AND CoL.irr, J. 
C. 1948 Food yeast development and production at 
Jamaica. Intern. Sugar J., 50, 234-237. 
Rao, N. A. N. anp Wapuwani, T. K. 1955 Quantitative 
estimation of amino acids by circular paper chromatog: 
raphy. J. Indian Inst. Sci., 37, 2, 130. 
Reap, F. O. 1947 Proce. S. African Sugar Technological 
Association, 95-100. Cited from Yeast technology by John 
White, 1954, p. 303. John Wiley and Sons Ine., New York, 
New York, 1959. 
Rosenauist, 8. O. 1949 U.S. Patent 2,460, 947. Cited from 
Yeast technology by John White, 1954, p. 304. John Wiley 
and Sons Inc., New York, New York, 1959. 
Tuysen, A. C. 1945 Food veast, 14, 116. Cited 
Wallerstein Labs. Commun., 15, 1952, 61-79. 
Vincenty, C. 1944 Research problem report on growth of 
Torula utilis in Puerto Rican molasses for protein produc- 
tion. Dept. of Biology and Biological Eng. Massachusetts 
Inst. Technol., Technical Rept. 22. 
Wittey, A. J., DuBry, G. A., Lueck, B. F., anp Huaues, L. 
P. 1950 Torula yeast grown on spent sulphite liquor 


from 


Ind. Eng. Chem., 42, 1830-1833. 





De} 


Tetrah 
Frontona 
investige 
ology. | 
arises. W 
that wa 
cently, 
of a co 
and of 
lems se) 
For 

tories ¢ 
separat 
nized a 
tions ¢ 
Tetrahy 
and tv 
proper 
Indiv 
logical 
logical 
require 
Sine 
enviro 
deserit 
emplo: 
bers W 
be rel: 
Altl 
neglec 
of pre 
Craig 
in di 
Douri 
detect 
Dem« 
proto 
(1939 
of Co 
hyme 
sere 1 
sever 
prop 
exter 
react 


IX 













VOL.7 


1» and 
Insti. 
O irra. 
Lounts 
le Sta- 


( rigi- 
utilis 


Trypto- 
phan 


oOo cr bo 


0.6 


ry. It 
uality 


oN, W 
grown 
L, 105- 


) ficial 


say of 
iblish- 


ER, J. 
on at 


tative 
natog- 


ogical 
- John 


York, 


| from 


Wiley 

from 
vth of 
“odue- 


usetts 


Es, L. 
iquor 





Antigenic Relationships in Seven Strains of Tetrahymena 
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Tetrahymena, along with other genera of the family 
Frontonitdae, have been the subject of many scientific 
investigations concerning problems in protozoan physi- 
logy. Unfortunately in many instances, difficulty 
arises When attempting to identify properly the form 
that was used in the particular study. Until rather re- 
cently, relatively little had been accomplished by way 
of a comprehensive study of the interrelated genera, 
and of these very few have dealt with taxonomic prob- 
lems serologically. 

For example, Corliss, (1953a) has compiled _his- 
tories of many of the available strains. Twenty-one 
separate strains of Tetrahymena pyriformis were recog- 
nized and synonomous identities included in descrip- 
tions of each strain. In addition, three strains of 
Tetrahymena vorax, one strain of Tetrahymena patula, 
and two strains of Glaucoma scintillans were given 
proper recognition. 

Individual strains, however, vary in size, morpho- 
logical characteristics (Corliss, 1953b), and physio- 
logical behavior (for example, growth rate, nutritional 
requirements, oxidative metabolism). 

Since strains were gathered from many types of 
environments, physiological differences of the types 
described above could be inherent within the strains 
employed. Therefore, we chose to study certain mem- 
bers within the group to determine if the strains may 
be related antigenically. 

Although immunological testing has been somewhat 
neglected in protozoan taxonomy, antigenic responses 
of protozoa have been used in diagnostic procedures. 
Craig (1937) applied the complement fixation test 
in diagnosis of amoebiasis (Hntamoeba histolytica). 
Dourine (Trypanosoma equiperdum) has also been 
detected using the same principle (Mahler, 1913). 
Demonstration of antigenic properties of free living 
protozoa (Glaucoma) described by Robertson 
(1939). Tanzer (1941) prepared antisera to two species 
of Colpidium and one of Glaucoma (all actually Tetra- 
hymena species). These cells and corresponding anti- 
sera were cross-tested. Antisera were also tested against 
several flagellated species. The ciliates share antigenic 
properties. However, they are not related to any great 
extent to the flagellates on the basis of antiserum 
reaction. 

Kidder et al. 


was 


have studied antigenic de- 


(1945) 











terminants of five strains of Tetrahymena geleii (T. 
pyriformis) and two strains of 7. vorax. The strains of 
T’. geleii were antigenically related to one another but 
not to strains of T. vorax. 

The following describes our studies of the antigenic 
properties of several strains of Tetrahymena and pre- 
sents a method for the preparation of antisera for 


investigating these antigen-antibody — relationships. 


MATERIAL AND METHODS 


Media. All protozoa were grown at 24 C in a normal 
saline medium containing 1.0 per cent proteose peptone 
and 1.0 per cent glucose as nutrients. 

Strains. The protozoa used in the study were ob- 
tained from the Osborn Botanical Laboratory, Yale 
University. Six strains of T. pyriformis and one of 
T. vorax were used. T. vorax was selected since this 
species should show less antigenic relation to any of 
the strains of T. pyriformis than would be shown 
between strains within the species. The strains selected 
and origin of each are as follows: T. pyriformis, strain 
CHS, isolated by E. Chatton in 1925 at Strasbourg, 
France; L I and L II, isolated by J. B. Loefer in 1948 
in Texas; (use of these two strains will enable us to 
compare the relative importance of geographical origin 
in strain variation); E, isolated by A. M. Elliott in 
1932 in New York City; HS, isolated by A. Phelps 
from a thermal well (39.5 C) in Texas; W, isolated by 
C. L. Claff in 1939 at Woods Hole, Massachusetts; 
T. vorax strain Vi, isolated by D. M. Lilly in 1940 
at Providence, Rhode Island. 

Preparation of antigens. Two types of antigens were 
used: (a) cells in the living, motile phase, and (b) merthi- 
olate killed cells. In both instances, the cells were 
washed free of nutrient, then resuspended in normal 
saline (living) or normal saline and merthiolate (killed). 

In preparation of cells to be used as “‘killed antigens,” 
1 L of culture solution was inoculated with 10 ml of a 
72-hr culture and incubated for 72 hr at 24 C. This 
growth period provided the maximal number of living 
cells: cells of each strain were separately siphoned 
from the bottom of the container and concentrated by 
centrifugation. Cells were washed 3 times in saline 
and resuspended in a 100-ml aliquot and 4 ml of 
merthiolate added (1:5000 merthiolate in normal 
saline). These suspensions were refrigerated until 
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used for injection, at which time they were diluted to 
give a reading of 60 on a Klett-Summerson! colorimeter. 
This would furnish a mass of cellular substance, 
equivalent to 50,000 to 75,000 cells per ml. 

Preparation of the ‘living antigens’? was accom- 
plished in the same manner except that cells were 
grown in test tubes containing 30 ml of culture medium. 
The cells were washed and resuspended in normal 
saline to give a reading of 30 on the Klett-Summerson 
colorimeter. In instances where larger numbers of 
cells were required, cells were taken from 1 L cultures. 

Preparation of antisera. Pure Dutch strain male 
rabbits weighing approximately 1.5 to 1.7 kg were 
used. Control sera were obtained by intracardiac 
puncture. Pairs of animals were then injected intra- 
venously (i.v.) with each of the 7 species of Tetra- 
hymena into the lateral marginal ear vein. Two rabbits 
were used for each living and merthiolate-killed strains. 
The protocol for the preparation of the antiserum for 
both types of cells was as follows. The initial day 0.1 
ml of antigen was introduced i.v.; this amount was 
then doubled on 4 consecutive days, that is, 0.2 
ml on the 2nd day, 0.4 ml on the 3rd day, 0.8 ml on 
the 4th day, and 1.6 ml on the 5th day. Following a 
l-week rest period, 2.0 ml were again injected i.v. A 
similar amount was injected after another 7-day rest 
period. All animals were bled by intracardiac puncture 
5 days after the last injection. Several animals were 
also injected with 2.0 ml 3 weeks after the last in- 
jection and bled 5 days later. Titers observed on sera 
thus obtained were essentially similar to the other 
immune sera. All sera were separated after 12 hr 
refrigeration and stored at —10 C until used. Aseptic 
procedure was followed throughout. No evidence of an 
anaphylactiec-like response occurred. The 
exhibited no loss of weight. 


animals 


Antigenic Studies 


Immobilization tests. Cells of a 72-hr strain culture 
were washed 3 times in normal saline by gentle centrif- 
ugation (600-RCF) and then resuspended in normal 
saline so that a final cell concentration of 30 to 40 
cells per 0.01 ml was obtained. Cells treated in this 
manner displayed normal motility. These cell suspen- 
sions were tested against inactivated (heated at 56 C 
for 30 min), undiluted, and 1:10, 1:100, 1:500, 1: 1000, 
and 1:10,000 saline dilutions of normal and immune 
sera. 

Tests were accomplished in depression slides which 
were kept in Petri dishes containing a small amount 
of water to prevent evaporation of the serum-cell 
mixture. For each test conducted in triplicate, 0.01 
ml of cell suspension and either 0.01 ml of normal serum, 
undiluted antiserum, or antiserum dilution were mixed 
in a depression slide. This furnished a final cell count 
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of 30 to 40 cells in antiserum dilutions of 1:20, 1:29) 
1:1000, 1:2000, and 1:20,000. The mixtures oy 
maintained at 24 C and were observed after !0 pi 
and again after 60 min. The number of cells in: a dp. 
pression could be counted as well as the number 
cells that were immobilized. From these values, tly 
average percentage of immobilization was calculate 
at each serum concentration. In this fashion, cells 
the 7 strains were tested against homologous aj 
heterologous antisera. The antiserum titer giving 3) 
per cent immobilization of cells was calculated hy 
Behren’s integration. . 

Agglutination tests. The tube agglutination test was 
employed. Duplicate, 2-fold dilutions (1:20 to 1:320 
of inactivated control and immune sera in 0.5-y/ 
amounts were prepared. To each above serum dilutioy 
was added 0.5 ml of the killed antigen suspension 
diluted 1:10. The mixture was incubated at —4 ( 
overnight and prior to reading incubated at 37 C for 3) 
min. The titers were taken as the smallest amount o 
serum which effected minimal agglutination. In each 
case the appearance of the control was used as the 
standard. 

Complement fixation tests. This test was essentially 
that described by Smadel (1948). Duplicate 2-foll 
dilutions (1:4 to 1:1024) of inactivated control an( 
immune sera were prepared in 0.5-ml amounts. The 
optimal antigenic dose (0.5 ml of a 1:20 dilution) and 
2 units of guinea pig complement contained in 04 
ml were added to one series. The same amount oi 
complement without antigen was added to the other 
series to determine whether the rabbit sera were 
anti-complementary. All tubes were incubated at 
—4 C overnight and prior to adding indicator system, 
reincubated at 37 C for 30 min. Two units of sensitize: 
(antibody prepared against sheep red blood cell (RBC 
in 0.5 ml volume and 0.5 ml of a 1.5 per cent sheep 
RBC suspension were then added. The tubes were 
again incubated at 37 C for 30 min and read. 


RESULTS AND DiIscussION 


With all test procedures used, the highest. titers 
were obtained, without exception, with antigen and 
homologous antiserum. In no instance was an ap- 
preciable titer observed with normal serum. 


Results of the immobilization tests are summerizel® 


in table 1. It should be added that all cells were im- 
mediately immobilized and killed in undiluted ho- 
mologous or heterologous antiserum. Lysis was _ no 
observed to occur. Death resulted as the cells became 
immobile and eventually assumed a spherical shape. 
In no instance did immobilized cells regain motility. 

Generally, immobilization was effected at higher 
titers by antiserum prepared against living antiger: 
than against killed antigens. This is especially indi 
cated in reactions of CHS cells against immune seri 
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:20) find to a lesser degree with L I, L I, and HS cells and 
Werfammune sera. However, cells of strains W, E, and V, 
) minggvere most strongly affected by antiserum induced by 
a deffkilled cells. 

er (ff Comparing titers of each antigen with the seven 
:, thefuntisera prepared with living cells, it is apparent that 
ilateifl, IT and HS are immobilized most effectively (1:2000 
‘Ils offfor above); with E, CHS, and W least; and V; and L I 









an([sharing an intermediate position. 
ng iif Agglutination reactions (table 2) also exhibited 


jest specificity with homologous antisera. Although 
titers are lower than in immobilization tests, antigenic 
comparisons are possible. For example, it is evident 
that V, and W share an antigenic pattern common 
to the other protozoa. (V; exhibited high titers, 1: 160 
wrabove, With all antisera except W and E, whereas W 
shared with all except L I, E, and V,). The converse is 
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sheep = 1:2000; 5 = 1:20,000; 6 = >1:20,000. Numbers above the 
“Biagonal represent titer to antiserum prepared against the 
bo iving antigen; below the diagonal the titer to antiserum pre- 
ured against the merthiolate-killed antigen. 
TABLE 2 
titers Tube agglutination titers of seven Tetrahymena strains, 
l killed cells being used as antigens* 
1 ant wie = = in isniecciaanam 
N ap- Antiserum 
Antigen ee _ eee 
W LI L II HS CHS E Vi 
erized * i— : ~/“ nn 
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4 5 4 y é 
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series, exhibits avidity only in the presence of ho- 
mologous antiserum). The L I, L II, and E antigens 
share for the most part the intermediate position 
(L I, L II, and E antigens gave low titers with HS, 
CHS, E, V:—W, HS, CHS, E—and L II, HS, CHS, 
V, antisera, respectively). However, in contrast to 
the complement-fixing antibodies, as will be seen in 
table 3, none of the antigens shares determinates with 
all of the antisera (agglutinins). With the complement 
fixation test, essentially similar titers were observed 
when either living or killed cells were used. However, 
this serological procedure is the one least to be desired 
for detecting antigenic differences. Although highest 
titers were observed in the presence of antigen and 
homologous antiserum, cross reactions are more ap- 
parent with this test. Nevertheless, it is apparent that 
strains W and CHS are closely related to other members 
of this seven-series group (titers of 1:128 or higher 
with heterologous antisera), whereas HS and E are 
most distantly related (titers of 1:64 or less with het- 
erologous antisera), with L I, Vi, and L II sharing an 
intermediate role. 

By arranging the strains in the order of decreasing 
antigenic similarity (expressed as titer differences in 
the ability to combine with antisera), and by comparing 
the three serological tests used, some degree of identi- 
fication of the antigenic relationships and dissimi- 
larities can be realized (figure 1). 

It is apparent that the complement fixation test is the 
least desirable for differentiating these Tetrahymena 
species (very few open spaces observed). With the 
exception of the E and HS antigens, the other five 
cross react with three or more of the antisera pre- 
pared with these seven strains. All antisera with the 
exception of CHS cross react with at least four of the 
seven antigens. 





TABLE 3 


Complement fixation reactions in seven strains of 

















Tetrahymena* 
Antiserunt 
Antigen —— : Sees ae ee 
W Lt | Le HS CHS E Vi 
Ww 86 4% | #% 3 ras 4 % 
LI 4 | % | % 4 34 44 % 
Lu| % | 9 |_% | «| % | 4 | % 
HS 343 | Mm | 3% | % m4} 24 
CHS 44 | % | 5 | % %§ 
E 4 | % | 3% | 3 | 3 |_| 3s 
vi | «| % | %) | mf mT OM 


* Highest titer giving a positive test is indicated by the 
numbers: 1 = 1:16 or lower; 2 = 1:32; 3 = 1:64; 4 = 1:128; 
5 = 1:256; 6 = 1:512; numbers above the diagonal represent 
titer to antiserum prepared against the living antigen; below 
the diagonal the titer to antiserum prepared against the 
merthiolate-killed antigen. 
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Of the three tests studied, the immobilization pro- 
cedure appears to be the best (more open spaces). 
The CHS and W strains are nicely separated, that is, 
they are not immobilized with antisera from heter- 
ologous types. The E species shares W antigens, how- 
ever, this antigen can be absorbed out with small 
reduction of E immobilization titer. The three species 
could therefore be easily identified utilizing known 
antisera. 

On the other hand, L I and \V, share antigens with 
L II, Vi, and LI, L II, respectively. We can remove 
the V, antigen without reduction of titer; however, 
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L II antigens are those which most frequently erg Bes 
react. : 
2 apr termine 
Utilizing the agglutination procedure CHs, ky iia 
and E and L II show a minimum of cross reactig \ ; f 
with the seven antisera, with CHS the only spec te 
antigenically distinct, for example Vi sharing coy, 
ponents with HS; L I and W with E; and V,, L I wit i <i 
L II. With the exception of the latter we can absoy| ope 
out the heterologous antibodies without appreciabj _— 
loss of titer. It should also be pointed out that antiser 
prepared against L I, W, and V; share antibodies {oj Comiass 
three or more of the seven antigens, and that whe cili: 









































removal of L II antigen from L I antisera leads to a the agglutination test is used L I, L II, and V, a men 
marked drop in titer. In addition, V, antisera absorbed the antigens which most frequently cross react. stre 
with L I and L II antigens only slightly reduces the Thus, it is seen that the protozoa lend themselye hid 
immobilization titer. With the exception of L I, there- to antigenic studies. Such identification, howeve cili 
fore, absorbed sera could be used to identify the V; depends upon the serological procedure used. Thy hyn 
species. Finally, the HS and L II strains are the two immobilization test provides the best procedure {qj 
most difficult to identify. Absorption of HS antisera these seven strains and when used with the aggluti 
to remove the common antigens W, L II, and CHS, nation test can, after a minimum of absorptions 
and L II antisera to remove W, L I, HS, E, and V, distinguish seven different strains of closely relate 
antigens results in almost a complete depletion of protozoa. The complement fixation test, on the othe 
immobilization effect with the homologous absorbed hand, in our laboratory was found to be the leas 
sera. However, to identify these two species (HS and desirable. 
L I) we could resort to the agglutination test since , 
in the case of HS antisera we would have only to ab- SUMMARY 
sorb with V; antigen and L II antisera with L I and Rabbit antisera were prepared against living ay 
Vi, even though L I antigen would remove considerable merthiolate-killed cells of Tetrahymena  pyriformi 
L II antibody. With the immobilization test, the W and strains W, LI, LII, HS, CHS, and E and Tetrahymeig 
A. Immobilization As 
tian mame ——— a = ee eee wee cmmans t source 
L II shares with W L I (L II) HS E Vv; tuna Vv 
HS W L Il (HS) CHS 
V; LI LIl wo een 
LI (LT) LIl v, guar 
E W (E) was to 
CHS (CHS) | wheres 
W (W) | toxicit, 
B. Agglutination “ en 
a ae aes = _ Zot u 
V, shares with LI L Il HS CHS (Vi) diet w 
W (W) L II HS | CHS studies 
LI W (L I) L Il | Vi be rer 
LU ; (L ID) | Vy; 
E W LI (E) | wae 
HS (HS) | ®; Suzi 
CHS (CHS) | of his 
—— i a cate ee ees a | a demon 
C. Complement Fixation low, b 
W shares with (W) LI LII HS CHS E v,  pbscter 
CHS Ww LI LIl HS (CHS) E | Vv, §Peptid 
LI W (L I) L Il HS E | Vi are no} 
Vi W LI L Il HS CHS (V;) is pro 
4 4 4 Ns) V a 
iS. 2 nn ee ome 
E W (E) 1 Suy 
Figure 1. Antigenic comparisons of seven Tetrahymena strains arranged in order of decreasing antigenic avidity, tested with ti me 


immobilization, agglutination, and complement fixation procedures. 
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yrax strain V,;. Serological relationships were de- 
termined by three procedures: immobilization, ag- 
glutination, and complement fixation. Antigenic re- 
lationships in general were dependent upon the method 
employed. The immobilization test provided the best 
method for uncovering these differences. The com- 
plement fixation test did not provide satisfactory 
identification of the different species. 
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As part of an investigation of tuna meal as a protein 
source for chicks, various fractions of raw and cooked 
tuna were allowed to spoil, were freeze-dried, and fed 
to young chicks (Grau et al., 1956). It was found that 
tuna muscle (loin) that was cooked and then spoiled 
was toxic to chicks when fed at 30 per cent of the diet; 
whereas spoiled, uncooked muscle did not produce 
toxicity. This toxicity was manifested by rapid loss 
of weight and occasional deaths. The toxic meals were 


#iot improved by autoclaving. Supplementing the 


diet with chlortetracycline was also ineffective. Later 
studies (unpublished) indicated that the toxicity could 
be removed by water extraction following acetone 
extraction. 

Suzuki in 1912 was the first to describe the presence 
of histamine in tuna extracts. Geiger et al. (1944) 
demonstrated that the histamine content of tuna is 
low, but that it increases post mortem as a result of 
bacterial action. Geiger (1948) also showed that 
peptides containing histidine and free carboxyl groups 
ire not decarboxylated by bacteria, and that histamine 
is produced only from histidine. The presence of 
histamine in spoiled tuna has been implicated as the 


1 Supported in part by the Bureau of Commercial Fisheries 
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United States Fish and Wildlife Service. 
*Present address: School of Veterinary Medicine, Uni- 
Versity of California, Davis, California. 


cause of human poisonings (for example, Van Veen 
and Latuasan, 1950; Legroux et al., 1947; Halstead, 
1954; cf. review by Shewan and Liston, 1955). How- 
ever, these investigators did not determine whether 
histamine alone was responsible for the toxicity or 
whether there was a synergistic effect of histamine 
and other compounds present in the spoiled fish. Geiger 
(1955) on the basis of feeding experiments of spoiled 
tuna and histamine solutions to guinea pigs, dogs, 
cats, and rats concluded that it was unlikely that 
histamine present in spoiled fish was the cause of fish 
poisoning. 

Shewan (1955) reported the presence of about 0.5 
per cent of histidine in pelagic species in contrast to 
the very small amounts present in the gadoid and 
flat fish. Lukton and Olcott (personal communication) 
found up to 1.0 per cent of free histidine in samples of 
tuna studied. During spoilage the histidine can be 
decarboxylated to form histamine (Oishi, 1953; Shimizu 
and Kurokawara, 1953; Shimizu et al., 1953; Shimizu 
and Hibiki, 1954a, b; and Hayashi, 1955). The de- 
carboxylation of histidine can be catalyzed either by 
tissue enzymes or by bacterial flora present on the 
fish (Kimata and Tanaka, 1954a, b). The number of 
bacteria that contain histidine decarboxylase is quite 
large, that is, species of Streptoccocus, Salmonella, 


Eberthella, Shigella, Lactobacillus and Escherichia coli, 
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Aerobacter aerogenes, Clostridium welchii, and Achro- 
mobacter histaminus (IKXoessler and Hanke, 1919; 
Hanke and Koessler, 1922; Eggerth, 1939; Epps, 
1945; Gale, 1946; Oliver, 1953; and Rodwell, 1953). 
Only the last mentioned species has been isolated 
from fish. However, many of the bacteria mentioned 
are common contaminants in canneries. Thus, the 
contamination of tuna could result in the spoilage 
of the tuna with the concomitant production of hista- 
mine. 

The amount of free histidine and consequently 
histamine in the tuna can be increased by the hy- 
drolysis of carnosine by certain bacteria (Nash, 1952). 

The investigations reported here have been de- 
signed to determine: (a) whether bacteria occurring 
in tuna canneries have the potential to decarboxylate 
the histidine in the muscle, (b) whether the histamine 
thus produced is present in sufficient quantity to be 
toxic to chicks, and (c) if pure histamine has the same 
effect on chicks as does a meal prepared from spoiled 
tuna loin. 


MeEtTHops AND RESULTS 


Precooked loins and scraps of tuna were collected in 
several commercial canneries, in sterile containers, 
and immediately brought to the laboratory. The 
samples were crumbled and placed, either loosely or 
tightly pressed, in sterile, 3-gallon cans. (We shall 
refer to a tightly packed sample as ‘“‘anaerobic”’ and 
loosely packed sample as “‘aerobic.”) The tuna then 
was incubated at 30 C, at 37 C, or at ambient outdoor 
temperatures (15 to 35 C) for 2 to 7 days. They were 
then dried in an air oven at 70 C for approximately 
15 hr. The fat was extracted with 5 volumes of hexane, 
and the tuna dried again for 12 hr. It was then re- 
moved and ground in a Wiley mill. The tuna meal was 
stored at room temperature until used. 

Dry weights of the fish samples were determined by 
drying 10 g of fresh tuna in a vacuum oven at 70 C 
until the weight was constant, approximately 12 to 15 
hr. Tests were done in triplicate. 

The meals prepared from tuna scraps were fed, as 
a sole protein source, at 40 per cent levels in a purified 
diet consisting of 5 per cent crude soybean oil, ade- 
quate levels of minerals and vitamins, and Cerelose 
to 100 per cent (Grau and Williams, 1955), or added 
at the 20 per cent level to a complete diet, that is, 
commercial chick starter. Meals prepared from tuna 
loin were added at the 20 per cent level to a complete 
diet. It was found expedient to incorporate the tuna 
meals in a complete diet and thus eliminate the pos- 
sibility of effects due to dietary deficiencies. 

Each fish meal was fed to 12 twelve-day-old White 
Leghorn chicks (approximate weight, 75 to 90 g), 
which had been fed a commercial chick starter for the 
first 12 days after hatching. The chicks were kept 4 


[Vou.7 
per cage (2 males and 2 females) in a room held aj 
29 C. Each chick was weighed daily at noon ior g 
period of 7 days at which time they were sacriliced. 

Bacterial counts of the tuna were made on plates 
and anaerobic counts in shake tubes sealed with vaspar, 
The media used were Eosinmethylene blue agar (Difeo) 
and Eugon agar (Difco), respectively. Ten-g samples 
were suspended in 90 ml of saline, 10 g of glass heads 
(2 mm diameter) were added, and an Erlenmeyer flask 
was placed on a rotary shaker,* 50 rpm for 15 min, 
Appropriate dilutions were made, and 1 ml of the 
suspension was placed per tube and 0.1 ml per plate, 
which then were incubated at 37 C. 

Histidine and histamine were extracted from the 
fresh loins and tuna meals by the following procedure: 
Into a 125-ml Erlenmeyer flask were placed 5 g of 
sample, 5 g of glass beads as above, and 25 ml of 
distilled water. The flask was placed on a rotary shaker 
for 15 min as above. The suspension then was filtered, 
washed with 2 aliquots of 10 ml of distilled wate, and 
the filtrate evaporated to dryness over a steam bath. 
The dried material was resuspended in 4 ml of distilled 
water and aliquots of 0.0025 ml were used for assaying 
for histamine and histidine by paper chromatography. 
When the tuna meal was assayed for free histidine, | 
g of the meal was suspended in 5 ml of distilled water 
and the flasks shaken for 15 min. Aliquots of 0.0025 
ml were chromatographed without dilution. 

Study of histidine decarboxylase activity was _per- 
formed with mixed cultures recovered from spoiled 
tuna loins. One g of the spoiled muscle was placed in 
an Erlenmeyer flask with 1 g of glass beads and 100 
ml of sterile water. The flask then was placed on 
rotary shaker for 15 min. Five ml of this suspension 
were inoculated into 250 ml of sterile medium (1 per 
cent each of glucose, Bacto-Tryptone and yeast ex- 
tract, and 0.05 per cent sodium thioglycolate). 
The flask was sealed with a vaspar plug and incubated 
at 37 C for 20 hr. Cells were recovered by centrifuga- 
tion, washed 3 times with distilled water, and acetone 
powders were prepared following the procedure 0! 
Epps (1945). Activity of histidine decarboxylase was 
determined in a Warburg vessel at pH 5.0 and 30 C 

The known chemical and biological methods for the 
determination of histamine (cf. Code and MelIntire, 
1954) are cumbersome and time consuming. It was 
desired to develop a simple method that would permit 
the assay of a large number of samples in a shor! 
period of time. The applicability of paper chromi- 
tography seemed profitable. 

Conventional circular paper chromatography wi 
used with Pyrex pie dishes 28 em in diameter. Whatma! 
filter paper (no. 4) was employed and the solvent fe! 
through the center with a filter paper wick. The 


’New Brunswick Scientific Company, New Brunswick 
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chromatograms were developed with 3:1 isopro- 
panol : NH,OH (0.25 N) at 37 C for 3 hr. When only 
one sample was to be chromatographed, a strip of 
paper 3 em wide and 30 cm long was used by taping 
it to the pie dish to hold it in place. The strip de- 
veloped within 1 hr. The spots on the paper were 
detected by spraying with diazotized sulfanilic acid 
(Mann and Leone, 1953). Histamine, histidine, imida- 
ole acetic acid, and N-acetyl histamine showed 
orange-red spots after application of the spray. By 
the use of this specific spray for imidazoles it was 
possible to dispense with a purification step to elimi- 
ate peptides and proteins since they did not interfere 
with the identification of histidine and histamine. 

The extracts to be chromatographed were adjusted 
to contain from 2 to 15 ug of histamine per spot; stand- 
uds containing 3, 6, and 9 or 5, 10, and 15 yg per spot 
were used concurrently. It was thus possible to esti- 
mate the amount of histamine present. 

Next it was desirable to know whether the different 
quantities of histamine on the chromatograms could 
be correlated with the optical densities of the spots. 
Spots of known quantities of histamine and those of 
wknown concentrations were cut out and suspended 
in test tubes containing 5 ml of distilled water. A strip 
of paper, without a spot, was also eluted to be used as 
the blank. After 60 min of infusion at 4 C, the optical 
densities of the solutions were measured in a Beckman 
Model B* spectrophotometer at 360 my. A standard 
curve Was obtained by plotting the optical densities 
of the different solutions against the concentrations of 
histamine contained therein. The histamine content 
of the unknown spot was determined from the curve. 
Deviation of at most 10 per cent was observed between 
the visual estimates and the readings of the optical 


‘Beckman Instruments, Inc., Fullerton, California. 
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densities. Since the visual estimation was accurate 
enough for the present study, it was used in subsequent 
studies. 

Next the conditions necessary for the spoilage of 
tuna with the concomitant production of histamine 
were sought. The conditions used, description of the 
different tuna spoiled, the counts of bacteria present 
therein, amount of histamine present at termination of 
experiments, and the odor of the material are presented 
in table 1. The samples thus obtained were converted 
into meals and fed to young chicks at 20 per cent level 
in commercial chick starter. 

As can be seen from table 1, histamine is produced 
both ‘anaerobically’ and ‘aerobically.’ Most likely 
when spoilage progresses, the gases produced drive off 
the present oxygen and render the sample anaerobic. 
It is evident from table 1 that the kind of microflora 
present is of prime importance. The fact that a large 
number of bacteria is present does not necessarily 
indicate histamine production. The fact that histamine 
was produced to any extent at ambient outdoor tem- 
peratures could mean either that (a) higher temperature 
allows growth of bacteria that do not possess histidine 
decarboxylase or (b) the organisms originally present 
in those samples were incapable of decarboxylating 
histidine. 

When chicks were fed meals no. 4, 5, 6, and 7, which 
contain very little or no histamine, they grew at a 
higher fate than those fed on unspoiled tuna. Possibly, 
the microorganisms present in the spoiled fish supply 
the chicks nutrients not present in the tuna or else 
enhance the concentration of the present nutrients. 
However, samples 1, 2, and 3 of the spoiled loins con- 
taining 0.12, 0.16, and 0.4 per cent histamine, re- 
spectively, had a marked effect on the chicks (figure 1). 
As shown in figure 1, the reduction in rate of growth 


TABLE 1 


Description of different tuna-fish samples spoiled experimentally 


Species of Samples s Part of Fish —— (C) 
Yellowfint l Muscle Aerobically 15-30} 
Yellowfin 2 Muscle Anaerobically 15-30t 
Yellowfin 3 Muscle Anaerobically 15-30 
Skipjackt 4 Scraps Aerobically 30 
Skipjack 5 Muscle Aerobically 30 
Skipjack 6 Muscle Anaerobieally 30 
Yellowfin 7 Muscle§ Anaerobiecally 37 
Yellowfin s Muscle Anaerobically 37 


*('f. text for media and conditions used for the bacterial count. 


Duration of 





Amount of 


Total Bacterial Count Pictanaae 


Spoilage i 
Spoilage in per g of Tuna* Odor 


Days Present (%) 
4 | <A.§ 4.8 * 10° 0.6 Offensive 
| An. 4.6 X 10° 
3 A. 80% 16 2.0 Slightly 
An. 1.0 X 108 offensive 
4 A. 4.4 X 10° 0.8 Slightly 
An. 4.5 X 10° offensive 
3 | A. Ox 10 None Offensive 
5 A. 6.0 X 10° None Very offensive 
3 An. 4.6 X 108 0.1 Very offensive 
4 An. 5.1 X 108 0.2 Very offensive 
7 Very offensive 


An. 6.3 X 10° 0.1 


} Skipjack: Katsuwonus pelamis; Yellowfin: Neothunnus macropterns. 
t Ambient outdoor temperature was used for the incubation of these samples. 


§ A. refers to aerobic count and An. refers to anaerobie count. 


* This was the only sample of fresh (not steamed) tuna used in this study. 
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and the depression in total growth of the chicks are 
proportional to the amount of histamine in the feed. 
However, only the highest level of histamine, for 
example, 0.4 per cent, caused loss of weight of the chicks. 
It should be pointed out that the toxic tuna samples 
had little or no offensive odor, while the nontoxic 
spoiled tuna had an extremely offensive odor. 

To find whether pure histamine’ has the same effect 
as exhibited by spoiled tuna, different amounts of 
histamine were dissolved in a phosphate buffer at pH 
7.3 and then mixed with the chick starter and fed to a 
group of 12 chicks. Figure 2 illustrates the results 
obtained. Although all diets depressed the growth rate 
and the total growth, only chicks on diets containing 
0.5 and 1.0 per cent of histamine lost weight for a 
few days. It is of interest to note that these chicks 
were ‘‘adapted”’ to histamine after the first day and 
resumed growth at approximately the same rate as 
the control chicks. 

The similarity between the growth curves of chicks 
fed on spoiled tuna and histamine, respectively, indi- 
cates that the histamine in the tuna is the cause of 
the depression in growth. 

The origin of the histamine in the spoiled tuna is 
the free histidine present in high concentration in the 
loins (Geiger et al., 1944). This was confirmed by chro- 
matographing the tuna before, during, and after 
spoilage. Chromatographs of fresh tuna _ exhibited 
histidine only, whereas spoiled tuna showed both 
histidine and histamine. In sample no. 2, it was ob- 
served that histamine appeared in small amounts on 
the second day of incubation. By the third day most 
of the histidine had disappeared, and the amount of 
histamine present was 2.0 per cent (on the dry weight 
basis). The same pattern was observed in samples 1 

5 Histamine-diphosphate, which was used in all feeding 
experiments, was kindly donated by Van Camp Sea Food 
Company, through the courtesy of Dr. E. Geiger. 
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Figure 1. Influence of tuna meals, containing histamine, 
on growing chicks. 
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and 3 but at a slower rate (figure 3). The conversion of 
histidine is not complete since many spots appexr on 
the chromatogram, after spraying with diazotized 
sulfanilic acid, which correspond neither to histidine 
nor to histamine. These are probably oxidation prod. 
ucts of histidine and histamine. The activity of his. 
tidine decarboxylase of the mixed cultures present jy 
the spoiled tuna was determined and had a Qco, value 
of 34.2. This is comparable to values reported by Gale 
(1946), for example, 33 and 28 for E. coli and C. welchii. 
respectively. 

The nature of the ‘tadaptation” of the chicks to 
histamine was further studied. Histamine was fed to 
chicks at levels of 0.5 per cent in chick starter. Feces 
from these birds were collected after 4, 10, 16, 22, 46, 
and 70 hr. The feces were suspended in equal volumes 
of water, placed on a shaker for 30 min, and then 
placed in a refrigerator for 1 hr. The suspensions were 
evaporated to dryness over a steam bath and brought 
with distilled water to a volume of 1 ml. The samples 
were centrifuged in an International® clinical centrifuge 
at maximum speed for 10 min and the supernatants 
were chromatographed. Reference solutions containing 
histamine dihydrochloride, imidazole acetic acid, and 
N-acetyl histamine’ were chromatographed — con- 
currently. 

It was found that after 4 hr the feces already con- 
tained N-acetyl histamine which was not present 
normally in the feces. Histamine was present in feces 
collected after 4, 10, and 16 hr, but was not present 
in later samples except in small quantities. Imidazole 

® International 
chusetts. 

7 Imidazole acetic acid and N-acetyl histamine were kindly 
supplied by Dr. H. Tabor. 


Equipment Company, Boston, Massa- 





i] | ] I | I | 
60;- % Histamine 


Conftro/ Ol 


e Gain - Grams 
w 
ast = 


g 


Avera 
* 
~ 
Ss 














Days 


Figure 2. Influence of different levels of histamine on growth 
of chicks. (Feed used: chick starter.) 
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yeetic acid appeared in the fecal samples of all chicks 


fed histamine. Of the above three compounds, N-acetyl 
histamine appears to be in the highest concentration. 
Thus, it seems that orally fed histamine is both oxi- 
datively deaminated to form imidazole acetic acid and 
conjugated to form N-acetyl histamine. The decrease 
of histamine in the feces coincides with the resumption 
of normal growth as shown in figure 2. The pattern of 
detoxification of histamine by the chicks is similar 
to that of certain mammals investigated by Millican 
¢ al. (1949), who found that the most important 
metabolic pathway of histamine appeared to be oxida- 
tive deamination by histaminase to imidazole acid 
(cf. Tabor, 1954). Our preliminary studies indicate 
the principal pathway to be the acetylation of his- 
tamine. Studies currently are being conducted on the 
quantitative determination of histamine, imidazole 
acetic acid, and N-acetyl histamine in the feces of 
histamine fed chicks. 


DiIscUSSION 


It appears that tuna meals can be toxie to chicks if a 
high enough concentration of histamine is present. 
There are two requirements for the production of 
histamine: (a) a high concentration of histidine must 
be present in the original material and (b) the tuna has 
to be incubated for at least 3 to 4 days. The current 
practice of the tuna industry normally excludes the 
above requirements. 


a” 
Fai 
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Only scraps of tuna with little loin are used usually 
for the production of meals. Thus, the amount of 
histidine present is negligible. However, on the oc- 
casion when the fish are spoiled prior to unloading of 
the ship, they are used for production of meal, thus 
increasing the amount of histidine present. When such a 
material is precooked and allowed to incubate for 3 
to 4 days, the histidine present may be decarboxylated 
to histamine rendering the sample toxic. The fact that 
such a conversion usually is not accompanied by offen- 
sive smells hinders in detecting this type of spoilage. 

If sanitary measures are followed in the tuna can- 
neries with routine checks for histamine in the meals, 
the toxicity of histamine in meals will be of no practical 
importance. 

A rapid chromatographic procedure for the estima- 
tion of histamine was described; which will enable the 
determination of a large number of samples in a short 
period of time at little cost. This then affords an easy 
means of checking tuna meals prior to their shipment 
out of the plant. Since fish meals are normally fed at 
near the 5 per cent level in chicken diets, it is unlikely 
that a toxicity would be noticed even if a toxic meal 
was used in the feed industry since much higher levels 
would need to be fed before symptoms appeared. 


SUMMARY 


During microbial spoilage of precooked tuna, the 
free histidine present in high quantities in the loins 


Qi stamine 
Py, Histidine 
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Figure 3. A chromatogram of extracts of tuna meals (nos. 1, 2, and 3) and standards of histamine and histidine (5, 10, and 15 


ug per spot). 
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may be decarboxylated to histamine. Three to four 
days of incubation are necessary for the formation of 
an appreciable amount of histamine. 

Activity of histidine decarboxylase corresponding to a 
Qco, value of 34.2 was obtained with mixed cultures 
obtained from a spoiled tuna sample containing 2 per 
cent histamine. 

Diets containing tuna meals with high levels of 
histamine depress the rate of growth and the total 
growth of chicks. A rapid chromatographic method 
was used to determine the amounts 
present in spoiled tuna meals. 


of histamine 
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cultivation of 
established feature 
ii the present-day fermentation industry, equipment 
jesign and operation have been based largely upon 
mpirical studies. Attention has been directed to the 
problem of supplying sufficient oxygen to microbial 
altures and to methods for defining aeration efficiency 
in fermentors (reviewed by Finn, 1954). The sulfite 
widation method for determining oxygen solution 
ntes in a fermentor has been used to test the efficiency 
if equipment design (Chain and Gualandi, 1954; 
toxburgh et al., 1954; Bowers, 1955) as a parameter 
for increase in scale (Cooper et al., 1944; Karow et al., 
1953) or as a measure of the actual amount of oxygen 
transferred to a microbial culture (Maxon and Johnson, 
1953; Pirt, 1957). 

In certain cases, measurements of oxygen solution 
rte determined by the sulfite method have agreed 
vith those obtained by the polarographic technique 
Bartholomew et al., 1950; Chain and Gualandi, 1954) 
whereas in others (Wise, 1950), a large disparity has 
been noted between the results obtained by the two 
methods. Because of the lack of agreement between 
the results of different investigators, the present work 
was undertaken to compare the sulfite and polarographic 
techniques. Oxygen absorption-coefficients were meas- 


Although the submerged aerobic 


nicroorganisms has become an 


wed over a fairly wide range of agitator speeds and 
ir flow rates and correlations between absorption 
coefficients and operating variables were determined. 
The results indicate the limitations of the sulfite oxi- 
dation technique as applied to fermentations. 


MATERIALS AND METHODS 


Theoretical. The theory of oxygen absorption in a 
lermentor liquid has been adequately discussed by 
Bartholomew et al. (1950), Wise (1951), Finn (1954), 
and Elsworth et al. (1957). 

Fermentor and accessories. Fermentor design was of 
the conventional type (Finn, 1954) consisting of a 
The 
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6-in. diameter glass tank fitted with 4 diametrically 
spaced baffles. An open-pipe sparger was located 
centrally below an 8-bladed turbine impeller. The 
ratio of the tank diameter, impeller diameter, blade 
length, and blade width was 15:5:1.25:1. The impeller 
was situated one impeller diameter from the base of 
the tank; the operating liquid volume was 2.5 L. 
The fermentor was kept in a temperature controlled 
water bath (25 + 1 C). Air flow rates were measured 
with capillary orifices calibrated at 25 C and atmos- 
pheric pressure. Agitator speed was determined from 
the current produced by a tachometer-generator driven 
by the impeller shaft, the ammeter scale-deflection 
having been calibrated against impeller speed with a 
stroboscopic flash unit. 

Sulfite-oxidation experiments. The method of Cooper 
et al. (1944) was used. The recommendations of Finn 
(1954) have been followed with regard to the use of 
units; the absorption coefficients (K,a values) are 
expressed as mmoles of oxygen per L per hr (unit 
concentration difference), or hr-!. 

Polarographic equipment and techniques. A manual 
polarograph*® was used in all experiments. Preliminary 
studies dealt with the design and operating char- 
acteristics of ‘‘axial’? and “radial’’ rotating platinum 


3 Electrochemical Laboratories, Manchester, England. 
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Figure 1. Construction of electrodes 
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cathodes used in conjunction with saturated calomel 
and silver/silver chloride reference electrodes. The 
design and construction of electrodes are shown in 
figure 1. Satisfactory operation of the electrode system 
was found to be related to the tip velocity of the cathode 
(see later); rotation at 1500 rpm, using a synchronous 
speed motor* (159 hp), was adopted in the final experi- 
ments. The silver/silver chloride anodes were made 
from dises of silver foil (assay grade) 0.25 in diameter 
which were silver soldered to silver wire. This was then 
chloridized in 0.1 N hydrochloric acid by passing a 
current of 2 ma for 30 min. The electrode was removed 
from the bath, and rubbed with fine emery paper and 
then chloridized for a further 30 min. During this time 
the silver became a purplish-brown color. The assembly 
of this electrode is shown in figure 1. Under actual 
conditions of operation, the electrodes entered the 
fermentor liquid from the upper surface and were 
inserted to a depth of about 2 in. The peak of the oxygen 
wave was found to be at —0.75 and at —0.90 v using 
standard calomel and silver/silver chloride reference 
electrodes, respectively, as reported previously by 
Chain and Gualandi (1954). 

Oxygen absorption coefficients were determined by 
the gassing-out method of Bartholomew et al. (1950) 
and Wise (1951), the polarograph having been eali- 
brated with salt solutions containing a known oxygen 
concentration (Hixson and Gaden, 1950). Briefly, 
the salt solution in the fermentor (0.5 m KCl) was 
gassed-out with oxygen-free nitrogen and the residual 
current reading noted; then the agitation and aeration 
were started at constant levels and galvanometer 
readings were taken every 5 sec until saturation was 
reached. The results of duplicate determinations were 
almost identical when the experiments were conducted 
within a short period of time (see remarks on vari- 
ability given later). 

To check the operation of the electrode system, 
the rate of oxygen uptake by a yeast suspension (wet 
brewers’ yeast, 300 g; NasHPO,, 4.75 g; KH.POu,, 
18.22 g; glucose, 25 g; KCl, 37 g; final volume 2.5 L; 
pH 6.2; olive oil added as required to combat foaming), 
in the fermentor was compared with that in a Warburg 
apparatus. Using the fermentor, the values of K,a, 
C and C, were determined for the relationship. 


Qo: mn 


K,a = 
C= 


where K,a is the oxygen absorption coefficient, Qo, 
is the oxygen uptake rate in mmoles per L per hr, C 
is the saturation concentration of dissolved oxygen; 
and C, is the actual concentration of dissolved oxygen 
in the fermentor liquid. Values of K,a were determined 
for the fermentor after poisoning the yeast with sodium 


4 Metropolitan Vickers Electrical Company, Manchester, 
England. 
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azide. From these data the value of Qo, was calculated a 8° 
The Warburg experiments were conducted by the amined, 
method of Umbreit et al. (1949) with undiluted yeay 1032. A 
suspension (3 ml) removed from the fermentor. Othe; iaent 
experiments with yeast showed that the oxygen supply whereas 
rate to the Warburg vessels was not limited by jp. 
adequate shaking. 

Scope of the work. With the sulfite system, oxygey 
solution rates were measured over a range of air floy 
rates from 0.5 to 4.5 L per min and agitator speed 
from 385 to 1150 rpm. Because of differences in the 
results obtained by the two methods, the polarographic 
work was extended to cover a slightly wider range of 
these variables. 


RESULTS 


Sulfite experiments. Oxygen absorption-coefficients 
obtained for all conditions of agitation and aeration 
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TABLE 1 P 
Absorption coefficients obtained by the sulfite method 
for various conditions of agitation and aeration 
K ra, hr“! 
ypbeteed Agitator speed, rpm i 
385 600 800 925 1130 
0.5 34 75 192 288 | 360 
1.0 32 85 252 432 | 490 
1.5 33 105 300 608 735 
2.5 39 131 376 638 950 
3:5 36 128 385 708 1032 
1.5 44 140 386 726 1030 
i000} Figu 
r sodium 
800r plot; tk 
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Figure 2. Effect of air flow rate on oxygen absorption by Radial 
sodium sulfite solution. Agitator speed as parameter, logarith- J 1500 
mic plot; the value of X in the relationship K,a = K @ is§ %04 
given where G is air flow rate L per min. — 
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are given in table 1. Over the range of variables ex- 
amined, the absorption coefficients varied from 32 to 
1032. At all air flow rates tested the absorption co- 
efficients increased with increase in agitator speed 
whereas at constant agitator speed the absorption co- 
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Figure 3. Effect of agitator speed on oxygen absorption by 
sodium sulfite solution. Air flow as parameter, logarithmic 
plot; the value of Y in the relatonship K,a = K NY is given 
where N is agitator speed, rpm. 


TABLE 2 
Effect of impeller speed (liquid turbulence) on the 
galvanometer deflection using various electrode 
arrangements 


Galvanometer 
deflection, mm 


Electrode System Impeller 


speed, rpm | in dellec 
500 | 1500 | “0 % 
Axial platinum cathode rotated at 1100 
rpm (1.5 ft per sec), saturated cal- 
omel anode; applied potential, 
REGO Wee ca oye sin oes pee MRS ies OTE 87 111 25.7 
Radial platinum cathode rotated at 
1500 rpm (9.1 ft per sec), saturated 
calomel anode; applied potential, 
Miya aso pies sania eeiacnasceanes 


92 96 4.3 


1500 rpm (9.1 ft per sec), Ag/AgCl | 
anode; applied potential, —0.90 v.. | 87 89 2.3 
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efficients increased with increase in air flow rate up 
to the point at which the impeller became ‘‘loaded,”’ 
that is, the rotational speed of the impeller was in- 
sufficient to completely disperse the air supplied. At 
the loading point a change was observed visually in 
the character of the air dispersion. In addition to small 
bubbles circulating with the bulk flow-pattern, a 
complement of large bubbles was produced and these 
escaped around the impeller and passed through the 
liquid at a relatively high velocity. This effect was 
more pronounced as the air flow rate was further 
increased beyond the loading point. At the lowest 
agitator speed (385 rpm) tested, the magnitude of 
increase of absorption rate over the range of air flow 
tested was slight, thus indicating that loading occurred 
under all conditions of operation. This was also sub- 
stantiated by visual observations of bubble dispersion. 

When absorption coefficients were plotted against 
air flow rate (@), on logarithmic scales, a linear re- 
lationship was noted below the loading point for each 
impeller speed (figure 2). However, the value of the 
exponent on G was greater with higher agitator speeds. 
The correlation between absorption coefficient and 
agitator speed (N) changed slightly as the air flow 
rate was varied (figure 3) but averaged about 3.0. 


Polarographic Experiments 


Performance of the electrode systems. The performance 
of the electrode systems was found to be affected by 
the turbulence of the liquid in the fermentor (table 2). 
When the tip velocity of the cathode was increased 
from 1.5 to 9.1 feet per second, the magnitude of the 
stirring effect brought about by turbulence of the fer- 
mentor liquid was decreased considerably. Further, 
the silver/silver chloride reference electrode appeared to 
be more stable than the calomel electrode. Con- 
sequently, all subsequent experiments were made with 
the “radial” platinum cathode (tip velocity 9.1 feet 
per second) and silver/silver chloride reference elec- 
trode. 

Variability of absorption coefficients. It was observed 
that the maximum galvanometer deflection, cor- 
responding to an oxygen-saturated solution, tended to 
decrease over a period of hr. This did not seem to affect 
the calculated values of the absorption coefficients 
determined under similar conditions of agitation and 
aeration, the largest difference being about 2 per cent. 


TABLE 3 


Oxygen uptake by a yeast suspension in the fermentor 








Agitat Air Flow ——- BS at 
il a, 9 ee 
: ie i res ae | mmoles/L/hr 
605 | 1.3 0.155 | 64 9.9 
635 0.7 0.143 86 12.3 
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Figure 4. Effect of air flow rate on oxygen absorption by 
potassium chloride solution. Agitator speed as parameter, 
logarithmic plot; the value of X in the relationship K,a = 
K @ is given where G is air flow rate, L per min. 
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Figure 5. Effect of agitator speed on oxygen absorption by 
potassium chloride solution. Air flow as parameter, logarithmic 
plot; the value of Y in the relationship K,a = K NY is given 
where N is agitator speed, rpm. 


Further, the silver/silver chloride electrode cecon. 
posed with extended use which necessitated a replace. 
ment every 3 to 4 weeks. For this reason, absorptioy 
coefficients were determined under standard op rating 
conditions (air flow rate, 2.5 L per min; agitator speed, 
800 rpm) at the start of daily operations. The absorp. 
tion coefficients determined for 30 runs yielded a meap 
value of 305 with a coefficient of variation of 5.6 per 
cent. It should be noted that this variability arose from 
three main sources, (a) the use of different “radial” 
platinum cathodes, (b) the use of different silver /silyey 
chloride anodes, and (c) variations in the performance 
of these electrodes with age. 

Check on electrode operation. Determinations of oxygen 
uptake by a yeast suspension in the fermentor yielded 
the data as given in table 3. The average value of the 
two determinations of oxygen uptake was 11.1 mmoles 
per L per hr which compared with a value of 108 
obtained by the Warburg method. 

Correlation of absorption coefficients with operating 
variables. The data obtained in this part of the work 
covered air flow rates from 0.5 to 5.5 L per min and 
agitator speeds from 500 to 1500 rpm. The results are 
given in the form of appropriate plots. Figure 4 shows 
the correlation of absorption coefficient with gas flow 
rate; between 600 and 1500 rpm the data follow the 
relationship, K,a = K G°*, A logarithmic plot of 
absorption coefficient against agitator speed with air 
flow rate as parameter (figure 5) followed the relation- 
ship K,a = K N'~ for agitator speeds above about 800 
rpm. Below 800 rpm the exponent on N varied with 
air flow rate from 4.7 at 0.5 L per min to 8.1 at 53 
L. per min. The marked change in the correlation at 
agitator speed 800 rpm shown in figure 5 probably 
reflects the change from laminar to turbulent flow 
in the fermentor liquid. 

DiIscussION 

For the sulfite system, the correlations between 
oxygen absorption coefficients and operating variables 
(K,a = K G°*°-°-7 and K,a = K N*-°) agree reason- 
ably well with those reported by previous investigators. 
Further, the correlation between absorption coefficient 
and air flow rate in the polarographic system is in 
general agreement with that found by the sulfite 
method. However, the correlation, K,a = K N"", 
obtained polarographically, does not seem to have 
been reported previously. The different values obtained 
for the exponent on N in the two systems probably 
reflects differences in the oxygen transfer mechanism. 

It is noteworthy that the sulfite technique may 
give a false impression of equipment performance, 
a faet which has been noted previously by Wise (1150), 
Schultz and Gaden (1956), and Carpani and Roxburgh 


. (1958). In the present work, the results obtained by 


the two methods agreed reasonably well at 800 rpm 
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at air flow rates between 0.5 and 3.5 L per min (figure 
§) whereas agreement outside this narrow range of 
operating conditions was rather poor. 

From a comparison of the results (compare figures 
9 and 4 and figures 3 and 5, also arithmetic plots in 
figures 6 and 7), it may be noted that the polarographic 
coefficients exceeded the sulfite values under conditions 
of equipment operation where the impeller speed was 
insufficient to disperse completely all the air supplied, 
that is, ‘loading conditions.’ Under these conditions, 
bubbles escaped around the impeller, their velocity 
relative to an element of fluid was high (as indicated 
by “boiling” at the liquid surface), and flow around 
these bubbles was probably turbulent. Examples of 
these operating conditions are as follows: in figure 6, 
at 600 rpm at all gas flow rates; at 800 rpm at air 
flow rates above 3 L per min; in figure 7, below about 
800 rpm at air flow 1.0 L per min and below about 
850 rpm at air flow 4.5 L per min. Since visual ob- 
servations indicated no marked differences in bubble 
dispersion between the two systems, it seemed that 
the explanation for this difference in results was related 
to the oxygen absorption mechanism. 

It is noteworthy in this regard that an increase in 
bubble velocity relative to an element of fluid (that is, 
a change in flow conditions around bubbles, either 
from laminar to turbulent flow or increase in the degree 
of turbulence) in the two systems may influence the 
liquid-film oxygen-transfer coefficient (A) in a differ- 
ent manner in each case. Coppock and Meiklejohn 
(1951) reported that an increase in bubble velocity in 
water resulted in a corresponding increase in Ky, 
presumably because of the increase in turbulence 
adjacent to the liquid film and a consequent reduction 
in the liquid-film resistance (thickness). In contrast, 
the results of Schultz and Gaden (1956) showed that 
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Figure 6. Effect of air flow rate on oxygen absorption; 
agitator speed as parameter, arithmetic plot. 
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K, for sulfite solution decreased with increase in inter- 
facial turbulence, presumably because of a reduction 
in the “time average” oxygen concentration and its 
effect on the oxidation of SO;= to SO.-. Accordingly, 
it would appear that the loading air flow rate in the 
sulfite system (see figure 6) is a function of the chem- 
istry of the reaction rather than of equipment. per- 
formance. 

Similarly, the higher sulfite coefficients obtained 
at agitator speeds above 800 rpm (figure 6) may also be 
indicative of changes in boundary or film conditions. 
As the agitator speed is increased beyond 800 rpm 
(figure 5) turbulent flow is produced in the liquid bulk, 
a greater bubble area is incorporated within the bulk 
flow-pattern and these bubbles tend to follow the path 
of fluid flow. Consequently, there is less bubble area 
with motion relative to an element of fluid. Under 
these conditions the increase in absorption coefficient 
in the sulfite system measures the increase in surface 
area plus any increase in apparent K, brought about 
by the increased stirring rate and the corresponding 
increase in the “time average” oxygen concentration. 
The increase in absorption coefficient in the polaro- 
graphic system measures the increase in transfer area 
minus the effect brought about by the faster stirring 
speed and the corresponding increase in liquid-film 
resistance. Hence with increase in agitator speed the 
sulfite coefficients increase at a faster rate than the 
polarographic values (figure 7). It should be noted, 
however, that this explanation may in fact be an over- 
simplification because the transfer area was not meas- 
ured in the two systems. 

Differences between oxygen absorption by sulfite 
solution and by oxygen-free water have been noted 
by other workers considering temperature effects. 
For example, Schultz and Gaden (1956) calculated 
from the data of other workers that the activation 
energy for the sulfite reaction was characteristic of 
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Figure 7. Effect of agitator speed on oxygen absorption; air 
flow rate as parameter, arithmetic plot. 
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control by a chemical reaction, whereas Bartholomew 
et al. (1950) reported that oxygen absorption into 
water was controlled by diffusion through a liquid 
film. 

The present results indicate that absorption coeffi- 
cients obtained by the sulfite method should not be 
used as a measure of the actual amount of oxygen 
transferred to a microbial culture. Nevertheless, they 
are useful for assessing improvements in equipment 
design as long as the impeller speed is sufficient to 
disperse the air supplied. For the equipment used in 
the present work the highest air flow rate which could 
be used at any particular agitator speed was expressed 
by the relationship G = K N°: where G was the air 
flow rate at which the loaded occurred 
(results not given in the text). 


condition 
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SUMMARY 


Measurements were made of oxygen absorption rates 
by catalyzed (Cu**) sodium sulfite solution and by 
potassium chloride solution (polarographic method) 
using a fermentor of conventional design. Correlations 
obtained between oxygen absorption-coefficients (Ka, 
hr-') and operating variables were as follows: for the 
sulfite system, K,a = K G°*°-7° and K,a = K 
N?-5-32 where G and N are air flow rate and agitator 
speed, respectively; for the polarographic system, 
K,a = G K°-* and K,a = K N'°. Absorption coeffi- 
cients obtained by the two methods were essentially 
similar only over a very narrow range of operating 
conditions, namely, at agitator speed of 800 rpm with 
air flow rates between 0.5 and 3.5 L per min. At low 
agitator speeds (below 800 rpm) the sulfite coefficients 
were lower than the polarographic values at all air 
flow rates tested whereas at high agitator speeds 
(above 800 rpm) the sulfite coefficients were higher 
than the polarographic values. At constant agitator 
speed (for example 600 rpm) the “loading” air flow 


rate was lower for the sulfite system (2.0 L per min) 
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than for the polarographic system (4.5 L per min). 
The discrepancies between the results obtained by the 
two methods are explained in the terms of the differ. 
ences in oxygen absorption mechanism in the two 
systems. 
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rmation 


For the successful operation of aerobic fermentations 
idies onffi: js essential to supply the microorganisms with suffi- 
er coe-B ont oxygen to meet their requirements at any stage 
i, the process. Failure to supply enough oxygen may 
| lad to undesirable changes in enzymatic makeup 
A. 194M Rolinson, 1952) or death of the organisms (Hromatka 
rs. Ind @iql., 1951), witha subsequent lower yield of the desired 
oduct. In general, the supply of oxygen to bacterial 
altures is more easily maintained than is the supply to 
abmerged cultures of filamentous fungi. The extremely 
iid (non-Newtonian) broths produced by filamentous 
jmgi promote the coalescence of bubbles with con- 
equent reduction in transfer area between the gas and 
iquid phases and alteration of turbulence and liquid- 
film conditions. For example, Chain and Gualandi 
(1954) observed about 57 per cent reduction in the 
wygen solution rate in the presence of 1.35 per cent 
dry weight of mycelium of Penicillium chrysogenum. 
Deindoerfer and Gaden (1955) reported a 100-fold 
increase in the rigidity of penicillin broth during the 
wurse of a fermentation in which about 1 per cent dry 
weight of mycelium was produced; a mycelial con- 
rentration of 1.34 per cent reduced the oxygen ab- 
wrption rate by 85 per cent. Also, the addition of 0.25 
wr cent antifoam agent (3 per cent Alkaterge C in 
lird oil) reduced the oxygen absorption coefficient 
by 50 per cent. In studies using paper pulp to simulate 
old mycelium, Bowers (1955) found that the addition 
{2 per cent pulp reduced the oxygen solution rate 
ven by a sintered aerator by a factor of 20; this was 
-F. 1%fltered to a factor of 2 by high speed agitation (vaned- 

Burgesiisc impeller) over an open-pipe sparger. 

Although the physical effects of mold mycelium on 
oa the oxygen absorption rate in submerged fermentations 
Al. hive been recognized, a study of the effects of mycelium 
of cultumoncentration and morphology on the correlations 
tetween oxygen absorption coefficients and operating 
wiables (air flow rate, agitator speed) seemed de- 
‘rable. Hence studies were made on the effects of 
flamentous mycelium, paper pulp, and sago pellets 


studies, 
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(the latter to simulate smooth mold pellets) on the 
rate of solution of oxygen in a fermentor. 


MATERIALS AND METHODS 


Fermentor and accessories. Fermentor design (2.5-L 
operating capacity) and the polarographic system used 
for the determination of oxygen absorption coefficients 
(K,a values) have been described previously (Steel 
and Brierley, 1959). Briefly, the electrode system 
consisted of a rotating “radial” platinum cathode and 
a silver/silver chloride reference anode. The applied 
potential was —0.90 v. Oxygen absorption-coefficients 
were determined by the “gassing-out” procedure of 
Bartholomew et al. (1950) and Wise (1951). 

Cultivation of a filamentous mold. A strain of Asper- 
gillus niger, N1E, was grown in a Waldhof fermentor 
(8-L operating volume) in a medium containing sucrose, 
salts, and cornsteep liquor. At 5 days, the mycelium was 
harvested by vacuum filtration through nylon, washed 
3 times by resuspension in distilled water, and finally 
washed with sodium azide solution to poison respira- 
tory enzymes. The bulk of the water was removed 
from the mycelium by drying on a vacuum filter. The 
mycelium was used in experiments as soon as possible 
although storage at 2 C for 7 days as a wet pad did not 
seem to affect its physical properties. Dry weight de- 
terminations were made on all samples of mold by 
drying to constant weight in a vacuum oven (60 C). 

Preparation of paper pulp. The desired amount of 
finely shredded filter paper was soaked in the potas- 
sium chloride solution (0.5 M) in the fermentor for 30 
min prior to experimental work. 

Preparation of sago pellets. A weighed amount of 
dry sago was added to boiling water and stirred until 
swelling was complete. The pellets were washed several 
times with cold distilled water by decantation and 
excess water was removed by vacuum filtration. 

Scope of the work. Preliminary studies were made to 
determine the optimum positions of sparger and im- 
peller within the fermentor since it was believed that 
these might be affected by the presence of mycelium. 
In subsequent work, oxygen absorption coefficients 
were measured in the presence of various amounts of 
filamentous mold mycelium, paper pulp, or sago 
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pellets at agitator speeds from 500 to 1500 rpm and oxygen absorption coefficients within an experiment 


air flow rates from 0.5 to 5.5 L per min (0.2 to 2.2 
volumes of air per volume of medium per min). Data 
obtained for a two-phase (gas-liquid) system, over a 
similar range of operating variables, have been given 
previously (Steel and Brierley, 1959) and some of these 
are reproduced in this paper for purposes of com- 


under constant operating conditions, was similar ty 
that found previously (Steel and Brierley, 1959) {fo 
the gas-liquid system (coefficient of variation les thay 
2 per cent). Further, using sago pellets the variability 
between experiments carried out on different days ws: 
of a similar order. However, in the case of filamentoys 














parison. 
RESULTS 300 
Operation of the electrode system. In the presence of 
filamentous mold or sago pellets the variability of 
TABLE 1 
Effect of various positions of sparger and impeller on 200} 
oxygen absorption in the absence and presence of % 
myceltum (0.15 per cent dry weight)* * 
Oxygen Absorption Coefficient, K pa, hr™ a 
Distance from base of fermentor, in. 
; i 1OOF 
Impeller 
Sparger ne Sa 
2 234 342 
4g 3157 320 320 
(174)t (178) (175) 
5 ¢ 29 29 fe) at Y : 
is 30 a v0 a 
. (1 2) (178) (167) PULP CONCN [%] 
234 ~§ 315 . 
(2% (167) (175) Figure 2. Effect of paper pulp concentration on the rate oi 


_. oxygen absorption. Operating conditions, agitator speed, 8b 
* Operating conditions; agitator speed, 800 rpm; air flow rpm; air flow, 2.5 L per min. 
rate, 2.5 L per min. 
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Figure 1. Effect of filamentous mycelium on the rate of 
oxygen absorption. Operating conditions, agitator speed, 800 
rpm; air flow, 2.5 L per min. 


600 800 1000 
30 AGITATOR SPEED [N]RPM 
Figure 3. Effect of agitator speed on oxygen absorption 
rate in the presence of different amounts of mold. Logarithmic 
plot; air flow, 2.5 L per min; the value of Y is given for the 
relationship K,a = K NY where N is agitator speed, rpm. 
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Figure 4. Effect of agitator speed on oxygen absorption rate 


with air flow and paper pulp concentration as parameters. 


Logarithmic plot; the value of ¥ is given for the relationship 
K,a = K NY where N is agitator speed, rpm. 





mouLD conc % 














‘. 
. 
< 
a 
=x 
10OF 
SOF 
60r 
| ee 
40+ 
i L i. n i 1. 
\ 4 5678 


2 3 
AIR FLOW [G]L/MIN 
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agitaior speed, 800 rpm; the value of X is given for the relation- 


presence of different 


ship K,a = K GX where G is air flow, L per min. 


AGITATION-AERATION IN SUBMERGED FERMENTATION. 








II 59 






mold, the variability between experiments was larger 
(up to 10 per cent) than in the absence of mold (about 
6 per cent); this larger variation may be attributed to 
differences in the physical relationship of the hyphae 
because of alterations in the degree of physical inter- 
lacing of hyphal networks when resuspending the 
mycelium in potassium chloride solution in the fer- 
mentor (see Deindoerfer and Gaden, 1955). In the 
presence of paper pulp the maximum galvanometer 
deflection (given by an oxygen saturated solution) 
oscillated over about 4 scale divisions (for example, 
78 to 82 mm); also, the scale deflection on aeration 
and agitation of a solution previously gassed-out 
with nitrogen was not as regular as it was with the 
gas-liquid system. Accordingly, more replication (3 
to 4 runs) was necessary in experiments using paper 
pulp. 

Relative position of sparger and impeller. The positions 
of sparger and impeller tested are given along with the 
results in table 1. The relative position of the two 
members made no significant difference in the oxygen 
solution rate either in the presence or absence of mold. 
In subsequent work, the impeller was situated one 
impeller diameter (2 in.) from the base of the fermentor 
and the sparger orifice was located 3¢ in. below the 
impeller. 

Experiments with mold and with paper pulp. Measure- 
ment of oxygen absorption coefficients in the presence 
of various amounts of mold or paper pulp were made 
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Figure 6. Effect of air flow on oxygen absorption with agita- 
tor speed and paper pulp concentration as parameters. Log- 
arithmie plot; the value of X is given for the relationship 
K,a = K GX where G is air flow, L per min; open markers = 
zero pulp; closed markers = 1 per cent pulp. 
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under constant operating conditions (agitator speed, 
800 rpm; air flow rate, 2.5 L per min). Upon the ad- 
dition of mold, the absorption coefficient was reduced 
markedly (figure 1). The largest decrease in absorption 
coefficient per unit weight of mold was brought about 
by the first small additions. Reductions of 67 and 85 
per cent in the absorption coefficients were obtained 
by the addition of 1 and 2 per cent, respectively, of 
paper pulp (figure 2). Low concentrations of pulp 
(below 0.5 per cent) did not reduce the oxygen solution 
rate as markedly as the addition of a similar weight of 
mold. Visual observations of bubble dispersion indi- 
cated a smaller bubble area in the presence of the 
added solid phase (mold or pulp) because large bubbles 
broke at the liquid surface. At the highest concentra- 
tion of solid phase tested, movement (mixing) at the 
liquid surface was very poor. 

The effect of mold concentration on the correlation 
between absorption coefficient (K,a) and agitator 
speed (N) is shown by the logarithmic plot in figure 3. 
The reduction in K,a was less at high agitator speeds 
than at low agitator speeds, hence the exponent in 
the relation K,a = KN” increased with increase in 
mold concentration. Essentially, similar results were 
obtained with paper pulp (figure 4) except that the 
change in the exponent on N was larger than it was 
with the addition of a similar weight of mold. 

The correlation between absorption coefficient 
(K_a) and air flow rate (@) at constant agitator speed 
(800 rpm) decreased with increase in mold concentra- 
tion (figure 5). The exponent on G in the relation 
K,a = KG* was reduced from 0.53 in the absence of 
mold to 0.11 in the presence of 1.73 per cent dry weight 
of mycelium. Essentially, similar results were obtained 
with paper pulp, the correlation being unaffected by 
agitator speeds from 700 to 1500 rpm (figure 6). 

Experiments with sago pellets. Under constant con- 
ditions of equipment operation (agitator speed, 800 
rpm; air flow rate, 2.5 L per min) sago pellets made no 
significant difference to the rate of oxygen transfer 
since the reduction in K,a in the presence of 3 per 
cent sago was only 8.1 per cent (figure 7). No marked 
differences in bubble dispersion were detected visually 
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Figure 7. Effect of sago pellet concentration on the rate of 
oxygen absorption. Operating conditions, agitator speed, 800 
rpm; air flow, 2.5 L per min. 


VOL, 7 


as the sago concentration was increased from 0) to 3 
per cent. 


DISCUSSION 

It is clear from the foregoing results that the mor. 
phology of the solid phase largely determines its physical 
effect upon the oxygen transfer rate (figures 1, 2, sind 7), 
Additions of filamentous mold or paper pulp markedly 
reduced the oxygen transfer rate because of their effec 
on bubble size and liquid turbulence, increasing the 
former and decreasing the latter. Although « high 
degree of shear, which is desirable for high rates oj 
oxygen transfer, occurs at the impeller tip, the shea 
decreases markedly as the distance from the impeller 
tip increases. It was noted visually that relatively little 
movement (mixing) occurred at the upper surface of 
broth containing about 2 per cent mold. As noted 
previously by Bowers (1955), the reduction in oxyge 
transfer rate upon the addition of solid phase can be 
overcome to a certain extent by increasing the agitator 
speed (figure 3). 

Smooth pellets which do not tangle together, but 
which are easily fluidized, give a system with oxygen 
transfer characteristics similar to a gas-liquid system 
(figure 7); thus a mold fermentation utilizing smooth 
pellets (see Martin and Waters, 1952) seems to offer 
a decided advantage as far as oxygen supply is con- 
cerned. 

What do the results of the present work imply with 
reference to the submerged growth of fungi? First, 
since the correlation between oxygen absorption rate 
and air flow rate decreased markedly as the moll 
concentration was increased (figure 5), the practice oi 
increasing the air flow rate to increase the rate oi 
oxygen supply to a mold culture becomes almost 
valueless. Secondly, if the oxygen solution rate into 
broth is 100 mmoles per L per hr, the addition of the 
necessary antifoam agent would reduce this to about 
50 mmoles per L per hr (from Deindoerfer and Gadei, 
1955) and the production of 2 per cent dry weight oi 
mycelium would further reduce the oxygen supply 
rate to about 5 mmoles per L per hr (from figure 1). 
For the culture to receive sufficient oxygen its deman¢ 
rate must not exceed 5 mmoles per L per hr, an es 
ceedingly low level. From another viewpoint, in the 
present equipment operated at agitator speed 8h! 
rpm and air flow rate 2.5 L per min, the oxygen 0 
lution rate was 62 mmoles per L per hr at zero mold 
concentration (figure 3). Accordingly, a culture with: 
maximum demand rate of 30 mmoles per L per bi 
would grow only to a dry weight of 0.3 per cent. before 
the oxygen supply rate became limiting (from figutt 
1). 

It is apparent from the above examples that furthe! 
work is desirable to find better methods of cultivating 
molds. It might be possible with other arrangement 
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of baffles and impellers to introduce more shear into 
the broth. Alternatively, studies on submerged mold 
gowths to obtain cultures showing Newtonian rather 
than non-Newtonian characteristics are perhaps worthy 
of consideration. 
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SUMMARY 


Studies were made on the effeets of sparger and 
impeller positions, filamentous mold mycelium, paper 
pulp, and sago pellets (the latter simulating smooth 
mold pellets) on the rate of oxygen absorption in a 
frmentor. Within the range of conditions tested, the 
lative positions of sparger and impeller did not affect 
the oxygen solution rate significantly either in the 
mold. Marked reduction in 
were brought about by the ad- 
mold (90 per cent reduction by 
2 per cent dry weight of mycelium) and paper pulp 
8 per cent reduction by 2 per cent dry weight), 
whereas the addition of 3 per cent dry weight of sago 
pellets made no significant difference. The correlations 
between oxygen absorption coefficients and operating 
variables (agitator speed, air flow rate) were altered 
substantially by the addition of mold or paper pulp to 
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the fermentor; in fact, the practice of increasing the air 
flow rate to increase the rate of oxygen absorption was 
found to be almost valueless in the presence of mold or 
pulp. From the viewpoint of oxygen supply rate, the 
results of the present work indicate the importance of 
mold morphology in submerged fermentations. 
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We have previously shown (Rappaport et al., 1956a) 
that a medium (MM) composed of Bacto-Tryptone,? 
0.5 per cent; NaCl, 0.8 per cent; KH2PO,, 0.16 per 
cent; malachite green, 0.012 per cent; and MgCl, 4.00 
per cent was superior to other enrichment media for 
the isolation of Salmonellae of the paratyphoid group. 
We assumed that magnesium chloride and malachite 
green synergistically inhibited gram negative con- 
taminants from fecal material, such as Escherichia coli, 
Pseudomonas pyocyanea (aeruginosa), Proteus — sp., 
Klebsiella sp., and others, while not affecting the growth 
of Salmonellae. It was noted also that of a whole group 
of peptones tested, only one, Bacto-Tryptone, supplied 
the necessary conditions for enrichment of Salmonella 
paratyphi (Bacterium paratyphosum A), whereas, for 
all other species of Salmonella tested by us, any pep- 
tone was sufficient. 

The relative importance of the ingredients in the 
above enrichment medium has been re-examined using 
S. paratypht and Salmonella schottmuelleri, which 
produces H.S, and is reported in the present study. 


MATERIALS AND METHODS 


Preparation of standard suspensions of Salmonellae. 
One strain of S. paratyphi and one of S. schottmuelleri 
isolated in this laboratory were grown on agar slants 
for 18 hr and the growth suspended in 5 ml of normal 
saline. Such a suspension contained approximately 
2 X 10° bacteria per ml. For tests, these suspensions 
were diluted with a fecal solution, which was made by 
suspending Salmonella free feces in normal saline in 
the ratio of 1:1000. Such a fecal diluent contains about 
3 X 10’ organisms per ml (Lang, 1952; Wundt, 
1954). 

Testing of the enrichment medium. One-tenth ml of 
each dilution of a standard suspension was inoculated 
into the medium to be tested. After incubation of 
18 hr at 37 C, a loopful (3-mm diameter) of the medium 
Was streaked on an SS agar plate. Inoculated SS agar 
plates were incubated for 18 to 24 hr, whereupon the 
growth of bacteria on them was examined and colonies 
of Salmonellae and gram negative contaminants were 


' This work was done on a research grant from the Hebrew 
University Hadassah Research Fund. 
2 Difeo Laboratories, Inc., Detroit, Michigan. 


differentiated. The identification of colonies of Sal- 
monellae was made by biochemical (Rappaport and 
Stark, 1953; Rappaport et al., 1956b, 1958) and serologi- 
cal tests. (The choice of SS agar as a final selective 
medium in preference to MacConkey medium was made 
after a series of comparisons which proved SS agar to be 
equally suitable for the purpose and simpler in prepara- 
tion.) 

The MM enrichment medium of Rappaport et al. 
(1956a) was tested with and without some of its con- 
stituents. Results are reported with Bacto-peptone, 
Difco autolyzed yeast,” and proteose peptone? as a sub- 
stitute for Bacto-Tryptone, either used alone or 
supplemented with Difco supplement B,? Difco supple- 
ment C,? glutamine, sodium glutamate, or tryptophan. 
Other nitrogen sources found inferior to Bacto-Tryp- 
tone but not reported on in this article are N-Z case 
peptone (Sheffield),? Bacto-tryptose, Bacto-Neopep- 
tone, Proteose no. 2, 3, 4 (Difco), Myosate, (BBL),! 
Thiotone (BBL),‘ casein in proteolysate, and peptone 
siccum (Merck).® 


RESULTS 


Role of magnesium chloride and malachite green in the 
enrichment medium. The growth of Salmonellae in 
Bacto-peptone or Bacto-Tryptone is equally good, 
provided the medium does not contain magnesium 
chloride and malachite green. When these two com- 
pounds are incorporated in the enrichment medium, 
it becomes suitable for the growth of S. paratyphi only 
when the peptone is Bacto-Tryptone, but not Bacto- 
peptone. 

The minimal inhibitory activity of magnesium 
chloride alone towards Salmonellae begins at a con- 
centration of 6.4 per cent. At the concentration em- 
ployed in MM medium, that is, 4 per cent, magnesium 
chloride by itself is not inhibitory to Salmonellae, 
whereas gram negative contaminants are inhibited. 
On the other hand, in the absence of magnesium 
chloride, the minimal inhibitory activity of malachite 
green on S. paratyphi and S. schottmuelleri becomes 
evident at a concentration of 0.8 mg per cent. At the 


3 Sheffield Farms Co., Norwich, New York. 
4 Baltimore Biological Laboratories, Baltimore. Maryland. 
5 Merck & Co., Inc., Rahway, New Jersey. 
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concentration employed in the MM medium (12 mg 
per cent) and in the absence of magnesium chloride, 
malachite green is inhibitory both to Salmonellae and 
gram negative contaminants. The growth of Sal- 
monellae in such a medium is initiated only when the 


TABLE 1 


Growth of coliforms and Salmonellae in the MM enrichment 
medium with and without some of its constituents 


Variables in MM Enrichment Medium 


Log Dilution of Inoculum Sufficient 
Composition 


to Initiate Growth 


Mifogen | Malachite Magnesium | Salmonella. choy. \ivecontam 
source* — a paratyprs muelleri inants 
BT 0.012 4.0 8 8 _ 
BP 0.012 4.0 2 8 — 
BT 0 0 8 8 + 
BP 0 0 8 8 + 
BT 0.012 0 2 2 - 
BT 0 4.0 8 8 4 


* BT = Bacto-Tryptone; BP = Bacto-peptone. 


TABLE 2 
Growth of Salmonella paratyphi (A) in enrichment media 


containing various peptones and supplemented by 


growth factors 


Log Dilution of 
S. paratyphi 
Inoculum 
Sufficient to 
Initiate 
Growth 


to 


A. Bacto-peptone (BP) (0.5°() 
Bacto-peptone (0.4°,) + Bacto-Tryptone 8 
(BT) (0.1%) 


B. BP (0.5%) + tryptophan (0.1°) 2 
Proteose peptone (PP) (0.5°,) + tryptophan 2 
(0.107) 

C. Tryptie digest of BP (0.57) 8 
Tryptic digest of PP (0.57) 1 

D. BP (0.5%) + SuB* (2°) 8 
BP (0.5°7) + SuB (27) without MgCl. N 
BP (0.5°°) + SuB (207) autoclaved 8 
PP (0.5°>) + SuB (2°) autoclaved 8 

E. BP (0.5°C) + SuC7 (2 to 10) 8 
BP (0.5°°) + glutamine (0.005°;) 4 
BP (0.5%) + glutamine (0.01 to 0.107) 6 
BP (0.5%) + sodium glutamate (0.107) 3 
BP (0.59 ) + sodium glutamate (0.67) 6 
BP (0.5%) + sodium glutamate (1.0°7) Ss 

F. BP (0.5%) + autolysed veast Difco (0.1 to 2 


0.5%) 
*SuB = Supplement-B (Difco). 
+ SuC = Supplement-C (contains no sugar) (Difco). 


VoL. 7 


inoculum contains at least 10° viable cells, as compared 
to 1 to 10 cells required for the initiation of growth jy 
the complete MM medium (table 1). Magnesium 
chloride could be replaced by equimolar quantities of 
the chlorides of strontium, or barium partially re. 
placed by calcium chloride, but not by the chlorides 
of lithium, sodium, potassium, beryllium, or lantha- 
num. 

It is obvious therefore that, in the MM _ medium, 
malachite green would tend to inhibit gram negative 
contaminants and Salmonellae, were it not for the 
presence of MgCls (or other bivalent cations) which 
counteracts the inhibitory action of malachite gree 
on Salmonellae, but not on gram negative contaminants, 
Thus the combination of magnesium chloride with 
malachite green provides for Salmonellae the selective 
conditions expected in an enrichment medium. 

Comparison of peptones. It was shown in our previous 
publication (Rappaport et al., 1956a) and in table | 
here, that Bacto-peptone could not serve as a growth 
promoting agent for S. paratyphi in the enrichment 
medium which was sufficient in this respect for all other 
species of Salmonella. It was therefore obvious that, in 
the enrichment medium containing malachite green, 
S. paratyphi had special growth requirements which 
were not met by Bacto-peptone. 

When an enrichment medium containing Buacto- 
peptone was supplemented with varying amounts of 
Bacto-Tryptone, S. paratyphi grew even when the 
concentration of the added Bacto-Tryptone was only 
0.1 per cent (table 2, A). 

Supplementing Bacto-peptone medium (BP) with 
tryptophan (up to 0.1 per cent), or using proteose pep- 
tone enriched with tryptophan, did not improve the 
quality of the enrichment medium for S. paratyphi 
(table 2, B). Sterilized medium in which EL. coli or 8. 
schottmuelleri were grown did not contain the growth 
factor necessary for the multiplication of S. paratyphi. 
When Bacto-peptone was digested by trypsin (Rappa- 
port, 1953) and as such incorporated in the enrichment 
medium, good growth of S. paratyphi from a small 
inoculum was obtained (table 2, C). This finding served 
as an indication that the growth factor of S. paratyphi 
in the enrichment medium could be an enzymatic 
degradation product of peptones, that is, an amino acid 
or a short peptide. 

This hypothesis was supported by the finding that 
the addition of 2 per cent of Bacto-supplement B to 


the enrichment medium containing Bacto-peptone 


permitted good growth of S. paratyphi (table 2, D). 
However, when MgCl. was omitted from the medium 
containing supplement B, no growth occurred. Supple- 
ment B contains, according to Difco Manual (1953), 
glutamine, hematin, cocarboxylase, and coenzyme I. 
One or a combination of several of these factors might 
have been necessary for growth of S. paratyphi in the 
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enrichment medium. In order to clarify this point, 
supplement B was autoclaved before incorporation in 
the BP medium. The growth of S. paratyphi in such 
medium was as good as in a medium containing un- 
heated supplement B (table 2). Nicotinamide, as a 
heat stable building stone of coenzyme I, was tried 
instead of supplement B, but did not improve the 
Bacto-peptone medium. The fact that either digested 
Bacto-peptone or supplement B (fresh or autoclaved) 
provided the necessary growth factor for S. paratyphi 
in an inhibitory medium, was an indication that 
dutamine would probably be one of the factors. 

The enrichment medium based on BP was therefore 
supplemented with glutamine in the range of con- 
centrations of 0.005 to 0.1 per cent, or with sodium 
glutamate (0.1 to 1.0 per cent). Good growth of S. 
paralyphi was obtained when at least 0.02 per cent of 
gutamine or 1 per cent of sodium glutamate were 
added to the medium (table 2, F). 

Selectivity of the medium. Selectivity is delicately 
balanced in the range of concentrations employed. 
When the concentration of Bacto-Tryptone in the 
medium was increased above | per cent or when the 
concentration of supplement B in medium based on 
BP was raised above 4 per cent, the medium ceased to 
be selective and gram negative contaminants grew in 
such a medium as well as did the Salmonellae. This did 
not occur, however, when supplement B was replaced 
by Difeo-supplement C. Supplement C is identical with 
supplement B, with the exception that carbohydrates 
are lacking. Supplement C did not affect the selectivity 
of the medium even at a concentration of 10 per cent 
(table 2, C). 


DISCUSSION 


The problem of finding an efficient selective enrich- 
ment medium for Salmonellae still occupies many 
clinical and research laboratories. Media such as 
tetrathionate (Muller, 1923; Knox et al., 1943; Ban- 
wart and Ayres, 1953) or selenite (Leifson, 1936; 
Gohar, 1943), or those of Hynes (1942), Preuss (1949), 
Ruys (1940) and others only partially fulfill the re- 
quirements: they permit selective enrichment of only 
some of the Salmonellae. The selectivity of these media 
is often not sufficient especially in countries like Israel 
where the ubiquitous presence of gram negative con- 
taminants makes it difficult to isolate Salmonellae. 

The MM enrichment medium (Rappaport et al., 
1956a) efficiently suppresses the growth and develop- 
ment of gram negative contaminants present in fecal 
material and permits growth of Salmonellae, even when 
the latter are present in feces in a ratio of 1:10° in 
relation to coliforms. 

The results of the study of the relative significance 
of various ingredients of this enrichment medium show 





that, for these representative species of Salmonella, 
malachite green was necessary as an inhibitory agent, 
whereas magnesium chloride (or barium or strontium 
chloride) served as detoxifying agents towards Sal- 
monellae while not reducing the inhibitory properties of 
the medium toward gram negative contaminants. This 
selective detoxifying agent was also necessary in media 
containing proteose peptone, or Bacto-peptone supple- 
mented by supplements B or C. 

The importance of the type of peptone employed in 
the selective medium became evident when S. paratyphi 
was employed as a test organism. This organism is 
known to have more closely defined nutritional require- 
ments than others (Kligler and Grosowitz, 1939) and 
these requirements become more critical when a toxic 
medium is used. In the presence of malachite green and 
magnesium chloride, only Bacto-Tryptone permitted 
the multiplication of S. paratyphi from small inocula. 
The insufficiency of Bacto-peptone and proteose pep- 
tone has been overcome by the addition of Difeo- 
supplements B or C, or by additional digestion of 
Bacto-peptone with trypsin. It could be shown that one 
of the necessary growth factors present in the supple- 
ment was glutamine or glutamate. 

Our findings indicate that the relative requirements 
of the intestinal bacteria in relation to glutamine in a 
toxic medium are in the following increasing order: 
(1) Gram negative contaminants, (2) S. typhi, (3) 
S. paratyphi, and (4) S. schottmuelleri. In a medium 
devoid of toxie dye, even traces of glutamine, present 
in any peptone, are sufficient to support growth of 
any of the intestinal bacteria. When, however, the 
medium contains malachite green, only the S. schott- 
muellert group can develop in the relative absence of 
glutamine, whereas for the growth of S. paratyphi it 
was necessary to fortify the medium with supplements 
B or C, glutamine, or glutamate. 

What is the importance of the bivalent cations such 
as Magnesium, strontium, or barium in making the 
toxic medium suitable for growth of exacting organ- 
isms? It is known that magnesium ions are necessary 
for the enzymatic synthesis of glutamine (Cohen, 1952; 
LeHard and Busard, 1947; Speck, 1947 and 1949). 
Basie dyes, on the other hand, acting by virtue of their 
basic ions which interact with acidic groups of bacteria 
to form slightly ionized complexes, inhibit the synthesis 
of glutamine at least in Staphylococcus aureus (Elliot, 
1948) and are generally toxic to various enzymes such 
as dehydrogenases (Quastel and Wheatley, 1931) and 
cytochrome oxidases (Haas, 1944). Basie dyes may 
thus competitively take the place of Mgt* in the 
enzymes and inhibit their action. This inhibition may 
be overcome by increasing the amount of Mg** in the 
medium, and the growth factor may also be supplied in 
ready form as glutamine. 
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SUMMARY 


In the selective MM enrichment medium the in- 
hibiting substance is malachite green. Magnesium 
chloride (or certain other bivalent cations) is necessary 
to counteract the toxic effect of the dye on two repre- 

“sentative species of Salmonella without affecting its 
inhibitory properties toward gram negative contami- 
nants. Only Bacto-Tryptone provided the necessary 
growth factors in the MM enrichment medium for the 
development of Salmonella paratyphi. For the enrich- 
ment of S. paratyphi, a Bacto-peptone medium has to 
be supplemented by Difco-supplements B or C, glu- 
tamine, or glutamate. 
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Various investigators have shown that irradiated 
bacterial cells can be reactivated by different nutrients. 
However, a controversy exists as to whether chlorine- 
killed bacteria can be made to recover by posttreat- 
ment. Heinmets ef al. (1954) reported that they were 
able to restore the viability of chlorine-inactivated 
Escherichia coli strain B/r by incubating cells suspended 
in buffer supplemented with certain tricarboxylic acid 
cycle intermediates. The bacterial suspensions were 
incubated at 37 C for 24 hr and then plated out on 
minimal agar. No living bacteria were detected in 
buffer suspensions or in nutrient broth, whereas viable 
cells (up to 10°) were found in buffer supplemented with 
tricarboxylic acid cycle intermediates. However, when 
plating was performed immediately without inter- 
mediate incubation (for 24 hr) in liquid medium, no 
reactivation occurred even if the plating agar was re- 
inforced with the above-mentioned metabolites. 

The validity of these results was questioned by 
Garvie (1955), who showed that F. coli strain 28D10 
could multiply in phosphate buffer and that the growth 
was enhanced by various Krebs cycle intermediates. 
Furthermore, addition of dead bacteria improved 
growth to some extent. Chambers et al. (1957) doubted 
the ability to achieve reactivation of chlorine-killed 
bacteria. These investigators were able to “reactivate’’ 
chlorine-“killed’”’ bacteria, provided some _ survivors 
remained after treatment with chlorine. However, 
when no survivors were left from exposure to the 
disinfectant, no reactivation was obtained on addition 
of Krebs cycle intermediates. The growth obtained 
with the lower concentration of chlorine was interpreted 
as due to multiplication of survivors in the incubation 
mixture, rather than reactivation. 

A similar conclusion that reactivation as described by 
Heinmets did not occur was reached by Hurwitz et al. 
(1957). 

In the following experiments we attempted to re- 
activate chlorine-killed bacteria by plating them on 
different solid media immediately after exposure to 
chlorine. 


MATERIALS AND METHODS 


Media. The various media used throughout these 
experiments were: 


' This investigation was supported by a grant-in-aid of the 
Ford Foundation. 


(1) Nutrient agar: Peptone (Difeo),? 10 g; NaCl, 5 
g; NasHPO,-12H.O, 2.5 g; Bovril’, 3 g; Bacto-agar 
(Difco), 20 g; distilled water, 1000 ml. 

(2) Minimal agar (according to Davis and Mingioli, 
1950): Ke_HPOx,, 7 g; KH2PO,, 3 g; Nas;-citrate-3H.O, 
0.5 g; MgSO,-7H,O, 0.1 g; (NH4)eSOx,, 1.0 g; Bacto- 
agar (Difco), 20 g; distilled water, 1000 ml. Glucose 
was sterilized separately and added aseptically to the 
medium to contain finally 0.2 per cent. 

(3) Minimal agar + 1 per cent peptone (Difco). 

(4) Minimal agar + 0.3 per cent Bovril (Bovril). 

(5) Minimal agar + 2 per cent yeast extract (Difco). 

Bacteria. Bacteria used in most experiments were 18- 
to 24-hr-old cultures of E. coli strain B/r* grown in 
nutrient agar. In some experiments, bacteria grown for 
at least three consecutive passages on minimal agar 
were used. The latter were designated MG, whereas 
those grown on nutrient agar were marked as N. 

An inoculum was prepared by washing cells 3 times 
with bi-distilled water and then diluting them to give a 
barely visible suspension (optical density 0.02 at 500 
mz in a Coleman Junior spectrophotometer).> This 
suspension was further diluted 5-fold in the disinfec- 
tion mixture. 

Chlorine. For the purpose of disinfection, a con- 
centrated NaOCl solution containing approximately 
10,000 to 15,000 parts per million (ppm) was prepared. 
Before use, the chlorine concentration was determined 
iodometrically and diluted as desired. All experiments 
and dilutions were performed in acid-washed tubes 
covered with aluminum caps. 

Disinfection. Exposure to chlorine was performed 
with cells suspended either in liquid minimal medium 
(composition according to Davis and Mingioli, 1950) or 
in phosphate buffer, pH 7 (0.033 m). The inoculum 
consisted of approximately 2 to 5 X 10’ cells. After 
time intervals, aliquots were withdrawn and the excess 
of chlorine neutralized by addition of NaS.O; (200 
ppm). 

Plating. The neutralized suspensions were kept at 
1 C, and after diluting were plated out on different 


2 Difeo Laboratories, Ine., Detroit, Michigan. 

3 Meat extract manufactured by Bovril, Ltd., London, 
England. 

4 The strain was obtained in 1950 from Dr. E. Witkin, The 
Biological Laboratories, Cold Spring Harbor, Long Island, 
New York. 

5 Coleman Instruments, Inc., Maywood, Illinois. 
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( 
TABLE 1 
Reactivating effect of nutrient agar on Escherichia coli ‘killed’? by chlorine* 
Bacterial Counts 
’ Percentage of Survivors 
a 1. ee Nutrient agar Minimal agar — Reactivation atio 
Chlorine-treated Control Chlorine-treated Control eee oi ie ae ee 
cells (without chlorine) cells (without chlorine) Nutrient agar | Minimal agar 
ppm hr a b a:b 
0.2 1 2.4 X* 108 1.2 X 10° 2.4 X 105 1.0 X 107 20 2.4 8.3 
0.2 2 2.5 X 105 1.2 X 10° 4.0 XK 108 1.0 X 107 2 0.04 50 
0.2 3 Lh a0 1.1 X 10° 1.2 X 10 1.5 X 10° 0.1 0.00008 1250 


* Washed E. coli cells suspended in liquid minimal media were exposed to 0.2 ppm chlorine. After intervals, aliquots were re- 
moved and the excess of chlorine neutralized by addition of 200 ppm Na.S.O;. Various dilutions were plated simultaneous!y on 
; } 


nutrient agar and on minimal agar. 


media. Results were read after incubation for 48 hr at 
37 C. 
RESULTS 

Chlorine-"killed” bacteria can be reactivated if they 
are plated out on rich media. When plating was per- 
formed simultaneously on nutrient agar and on mini- 
mal agar, up to 1000 times more colonies developed on 
nutrient agar than on minimal agar. The reactivating 
effect of nutrient agar in these experiments is probably 


TABLE 2 
Effect of nutrient broth ingredients on recovery of chlorine-treated 
Escherichia coli* 
Bacterial Counts 
Percentage 


ot 
Survivors 


lating aj ») 

Plating Medium Controls 
without 
chlorine) 


Chlorine- 
treated cells 


Nutrient agar .| 2.0 & 105 | 5.0 X 107 | 0.4 
Minimal agar 2.3X 10 4.6 X 10° 0.00005 
+ Peptone, 1 per cent. 7.0 X 10? 5.0 XK 10° 0.0014 
+ Bovril, 0.3 per cent 4.0 K 108 4.8 & 107 | 0.008 

+ Yeast extract, 2 per 
cent 7.0 X 10°} 5.3 X 107 | 0.13 
* Washed cells of E. coli strain B/r suspended in liquid 


minimal media were exposed to 0.3 ppm chlorine for 150 min 
at 37 C. Thereafter the excess of chlorine was neutralized by 
addition of Na2S.O; and various dilutions were plated out on 
different media. 


not due to neutralization of excess of chlorine by re- 
ducing substances present in nutrient agar as, prior to 
plating, the chlorine was neutralized with excess of 
Na2S.O;. The results are given in table 1. 

To establish which of the nutrient agar ingredients 
was responsible for the enhanced survival rate, the 
minimal agar was supplemented with various con- 
stituents of the nutrient agar, and the survival from 
chlorine treatment was compared. 

As shown in table 2, addition of peptone or Bovril to 
minimal agar increased the number of survivors. Higher 
reactivation was obtained when the minimal agar was 
supplemented with yeast extract. The highest counts 
were secured when platings were performed on nutrient 
agar. 

The reactivation rate is dependent upon various 
factors which will be discussed separately. 

Disinfection rate. From table 1 it can be seen that the 
reactivation ratio increased proportionally to the in- 
crease of the disinfection rate. For example, after ex- 
posure for 1 hr to 0.2 ppm chlorine (percentage of 
survivors on nutrient agar = 20), the reactivation ratio 
(bacterial counts on nutrient agar to bacterial counts 
on minimal agar) was 8.3. Exposure for 3 hr at the same 
chlorine concentration reduced the percentage of 
survivors on nutrient agar to 0.1 per cent, whereas the 
reactivation ratio increased to 1250. 

Disinfection procedure. By comparing the results of 


TABLE 3 


Reactivation of Escherichia coli ‘‘killed”’ by large amounts of chlorine* 


Bacterial Counts 


Chlorine Disinfection Nutrient agar 


Minimal agar 


Percentage of Survivors 


Conc i Reactivation Ratio 
oncentration Time . 
Chlorine- treated Control Chlorine-treated Control Pee SORT oa Ne eae 
: cells (without chlorine) cells (without chlorine) Nutrient agar Minimal agar 
ppm min a b a:b 
1.0 3 9.5 X& 108 8 X 108 1.8 X 10 9.0 X 108 0.1 0.02 5 
1.0 6 1.6 X 108 2X 10° 3.6 X 10? 1.4 X 107 0.0083 0.0025 3.3 


* Washed cells of E. coli strain B/r suspended in phosphate buffer pH 7(0.033 M) were exposed for short time intervals to 1 ppm 
chlorine. After 3 and 6 min, aliquots were removed, the excess of chlorine neutralized by addition of NasS.Os3, and various dilutions 
plated out simultaneously on nutrient agar and minimal agar. 
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tables 1 and 3, the effects of disinfection procedure on 
the recovery process can be seen. When cells suspended 
in minimal liquid medium were exposed to low chlorine 
concentrations (0.2 ppm) for | to 3 hr, the reactivation 
ratio Was pronounced. On the other hand, short ex- 
posure (for a few minutes) to high concentrations of 
chlorine (1 ppm) resulted in low reactivation. These 
differences in reactivation ratio occurred despite a 
similar survival rate in both experiments. 

Growth history of the organisms. We have found 
pronounced differences in sensitivity to chlorine be- 
tween H. coli maintained on rich media, such as nu- 
trient agar (N cells), and that grown on minimal agar 
(MG cells). Bacteria from nutrient agar were much 
more resistant to chlorine as compared to bacteria 
grown in minimal agar (Milbauer and Grossowicz, 
1959). However, no differences in reactivation ratio 
were found between the strains (see tables 1 and 4). 


DISCUSSION 

Data on reactivation of chlorine-treated cells are 
controversial. Heinmets et al. (1954) claimed to have 
achieved reactivation by incubating chlorine-treated 
cells in buffer solutions reinforced with various tri- 
carboxylic acid metabolites. However, such an ex- 
perimental set-up did not eliminate the possibility of 
multiplication of surviving cells while reactivation was 
attempted. In fact, these authors were unable to re- 
activate chlorine-treated cells if the latter were plated 
out immediately after exposure to the disinfectant. 

In our experiments, reactivation of chlorine-treated 
cells proved feasible without intermediate incubation in 
liquid media. The reactivation rate was found to in- 
crease with the decrease of the percentage of survivors 
(tables 1 and 4). However, at similar survival rates, 
reactivation was dependent upon the concentration of 
the disinfectant. Whereas slight, if any, reactivation 
was obtained when cells were subjected to high con- 
centrations of chlorine (1 ppm) for short time intervals 
(several minutes), high reactivation was achieved with 
cells exposed for a considerable time (1 to 3 hr) to 0.2 
to 0.3 ppm of chlorine. 


Kssentially, similar results were obtained with 
bacteria grown in minimal media which show much 
greater sensitivity to chlorine (Milbauer and Grosso- 
wicz, 1959) than agar-grown cells (tables 1 and 4). 
These differences in effectiveness of reactivation are 
in accord with the findings of Friberg (1956), who 
showed, with the aid of radioactive NaOCl, that the 
chlorine uptake of EF. coli was dependent upon the 
concentration of the disinfectant used; thus, at higher 
chlorine concentrations, a higher uptake by the cells 
was observed. However, Friberg could find no direct 
correlation between the amount of chlorine absorbed 
and the disinfective power exerted. It seems, therefore, 
that increased absorption of chlorine to the cells (when 
excess of chlorine was used) inhibited the process of 
reactivation. As the experiments of Heinmets et al. 
(1954) and of other authors (Chambers et al., 1957; 
Hurwitz et al., 1957) were carried out by the latter 
procedure, that is, short exposure to excess of chlorine, 
their difficulties in obtaining reactivation by direct 
plating are more readily understood. In addition, we 
would like to stress the importance of the composition 
of the disinfection mixture, which may be decisive as to 
whether or not reactivation of chlorine-treated cells is 
obtained. In the presence of ammonium sulfate during 
chlorination, the chance of reactivation is increased, 
apparently due to a diminished uptake of chlorine by 
the cells. This is now being investigated with the aid of 
radioactive chlorine (Cl**). (See also Friberg, 1957.) 
The factors important in reactivation (found in 
nutrient agar or yeast extract) may exert their action 
(a) by neutralizing cell-bound chlorine more effectively 
than thiosulfate; or (b) by providing preformed 
metabolites essential for recovery from injuries caused 
by chlorine. The data presented do not permit us to 
prefer one mechanism over another as only successful 
reactivation with chemically defined compounds may 
provide a clue to the nature of this phenomenon. 
Intermediate treatment in liquid media might further 
increase the rate of reactivation. Experiments per- 
formed by us (unpublished) showed that reactivation 
of chlorine-“killed”’ cells was considerably higher when, 


TABLE 4 


Reactivating effect of nutrient agar on Escherichia coli MG ‘“‘killed”’ by chlorine* 


Bacterial Counts 


Chlorine. Disinfection Nutrient agar 


Concentration Time 
Chlorine-treated Control 
cells (without chlorine) 
ppm | hi 
0.2 1 1.3 X 10 1.2 X 10° BI 
0.2 2 1.8 X 10? 2.8 X 10° 4.0 


Washed cells of E. coli strain B/r (MG, maintained on minimal agar) were suspended in minimal liquid medium and exposed 


Chlorine-treated 


Percentage of Survivors 

Minimal agar Reactivation Ratio 
Control 

(without chlorine) 


Nutrient agar Minimal agar 


a b a:b 


108 1.0 X 10° 0.1 0.01 10 
10° 2.5 X 10° 0.0006 0.000016 33 


to 0.2 ppm chlorine. After intervals, aliquots were removed, the excess of chlorine neutralized by addition of 200 ppm NasS.O3. 


Various dilutions were plated out simultaneously on nutrient agar and on minimal agar. 
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prior to plating, cells were incubated for a short time 
(1 hr) in rich liquid media (nutrient broth or yeast 
extract). Some reactivation occurred even in saline, 
provided incubation was carried out at a physiological 
temperature (37 C). However, no increase in the 
number of chlorine-treated cells was obtained when 
incubation in saline was performed at 18 C. The in- 
crease in reactivation was much greater than what 
could be accounted for by multiplication of survivors 
during the short period (1 hr) of incubation. The in- 
creased reactivation in liquid media could be ascribed 
to the high concentration of cells (killed and survivors) 
which may have released into the medium factors in- 
ducing recovery of injured bacteria. Whitehead (1955) 
reported the release of such a factor from irradiated 
cells which increased the recovery rate of UV-irradiated 
bacteria. Living cells, on the other hand, could improve 
recovery of nutritionally defective cells by syntrophism. 
However, in the absence of good criteria for eliminating 
growth during this short period in liquid medium, 
interpretation as to the possible mechanism should be 
taken very cautiously. 
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SUMMARY 
Reactivation of chlorine-treated cells was achieved 


by immediate plating in rich media (nutrient agar or 
yeast extract). 


[VoL 7 


The reactivation ratio, defined as the number of 
survivors on rich agar to number of survivors on 
minimal agar, increased at low survival rate. React iva- 
tion was also dependent upon the disinfection pro- 
cedure employed. 

The significance of these findings is discussed. 
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Escherichia coli grows luxuriantly on rich media like 
nutrient broth or nutrient agar; however, minimal 
media fully satisfy all its nutritional demands as the 
organism can use glucose and ammonium salts as sole 
sources of carbon and nitrogen. During studies on the 
disinfective power of chlorine, we found considerable 
differences in susceptibility to the disinfectant between 
cells growing in minimal media and cells from nutrient 
agar. In this report the nature of the differences is 
described and the mechanism involved is discussed. 


MATERIALS AND METHODS 

Media. The following media were used: 

(1) Nutrient agar: Peptone (Difco),? 10 g; NaCl, 5 g; 
NasHPO,4-12H2O, 2.5 g; Bovril,? 3 g; Bacto-agar 
(Difco), 20 g; distilled water, 1000 ml. 

(2) Minimal agar (according to Davis and Mingioli 
in 1950): Ke_HPO,y, 7 g; KH2POs, 3 g; Nas-citrate- 
3H.0, 0.5 g; MgSO,-7H.O, 0.1 g; (NH4)SO,, 1 g; 
Bacto-agar (Difeo), 20 g; distilled water, 1000 ml. 
Glucose was sterilized separately and added aseptically 
to the medium to contain finally 0.2 per cent. 

(2) Minimal agar + 1 per cent peptone (Difco). 

(4) Minimal agar + 0.3 per cent Bovril (Bovril). 

(5) Minimal agar + 2 per cent yeast extract (Difco). 

Bacteria. Cultures of EF. coli strain B/r* grown for at 
least three consecutive passages on the above men- 
tioned media were taken. Bacteria grown on nutrient 
agar were designated N and those grown on minimal 
agar as MG. The inoculum consisted of cells obtained 
from 18- to 24-hr-old cultures. The cells were washed 3 
times with bi-distilled water and diluted to give a 
barely visible suspension in a Coleman Junior spectro- 
photometer® (optical density (OD) 0.02 at 500 my). 
This suspension was further diluted 5-fold in the dis- 
infection mixture. or determination of SH groups, 
suspensions of an OD of 0.8 were prepared and these 
were diluted 2-fold in the disinfection mixture. 

' This investigation was supported by a grant-in-aid from 
the Ford Foundation. 

? Difco Laboratories, Inc., Detroit, Michigan. 

*Meat extract manufactured by Bovril, Ltd., London, 
England. 

‘The strain was obtained in 1950 from Dr. E. Witkin, The 
Biological Laboratories, Cold Spring Harbor, Long Island, 
New York. 

’Coleman Instruments, Inc., Maywood, Illinois. 


Chlorine. For the purpose of disinfection, a concen- 
trated NaOCl solution was prepared (approximately 
10,000 to 15,000 parts per million (ppm)). The chlorine 
concentration was determined by iodimetrie titration, 
and the chlorine diluted as desired. All experiments 
and dilutions were performed in tubes (washed with 
acid) covered with aluminum caps. 

Disinfection. Chlorine was added to the bacteria 
suspended in liquid minimal medium and incubated at. 
37 C. The inoculum consisted of approximately 1 to 
2 X 10’ bacteria (a barely visible suspension diluted 
5-fold). After time intervals, aliquots were withdrawn 
and NayS.O; (final concentration, 200 ppm) was added 
to neutralize the excess of chlorine. 

Plating. After neutralization with NaS.O; the 
mixture was kept at 1 C. Various dilutions were plated 
on nutrient agar and results read after incubation of the 
plates for 48 hr at 37 C. 

Determination of SH groups. Total protein SH groups 
were determined by the ferricyanide method described 
by Barron (1951), with sodium lauryl sulfate as 
denaturant. Readily available protein sulfhydryl 
groups, “enzymatic SH,” were determined after 
hydrolysis with dilute HCl, according to Dubnoff 
et al. (1956); 4 ml of a bacterial suspension (OD, 0.4) 
in minimal liquid medium were incubated for 2 hr with 
appropriate chlorine concentrations. Thereafter, the 
excess of chlorine was neutralized by addition of 0.64 
mg of NaS.O;, and the cells (collected by centrifuga- 
tion) were used for the determination of ‘“‘enzymatic”’ 
and total protein SH. , 

RESULTS 

In the following experiment, bacteria grown on 
minimal media (MG) and others grown on nutrient 
agar (N) were exposed to chlorine for various time 
intervals. The number of survivors was determined by 
plating. 

Table 1 shows that bacteria previously grown on 
nutrient agar (N) are much less affected by chlorine 
than are cells from minimal agar (MG). With the in- 
crease of the rate of disinfection, the survival rate of N 
cells increased up to 5000 fold, as compared to that of 
MG cells (tables 1 and 2). 

Starvation did not appreciably affect the sensitivity 
of cells. Although depletion of the nitrogen reserves 
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caused a 3- to 5-fold increase in sensitivity of broth- 
grown cells, no essential change in resistance towards 
chlorine was achieved by this procedure (table 3). 

To establish which of the constituents of the nutrient 
agar was responsible for the increased resistance of the 
N cells, bacteria were grown on minimal media supple- 
mented with various ingredients of nutrient broth, and 
then exposed to chlorine. 

As can be seen (table 4), growth on minimal agar 
supplemented with peptone or Bovril increased survival 
of-E. coli only to a small extent, whereas yeast extract 
was much more effective. Bacteria grown on optimal 
concentrations of yeast extract were almost as resistant 
as those from nutrient agar. 


TABLE 1 
Effect of chlorine on bacteria from nutrient or minimal agar* 


Bacterial Counts 
Disin- 
fection 
Time Chlorine- 
treated cells 


Source of 
Bacteria 


Relative 


Percentage 
Sensitivityt 


Control of Survivors 
(without 


chlorine 


1.2 X 10° 
1.2 X 10° 
1.2 
1.2 


20.00 
0.11 
2.08 
0.001 


181 
xX 10° 


x 107 2080 


2 
2 

* Washed Escherichia coli cells from nutrient agar (N) and 
minimal agar (MG) suspended in minimal liquid medium were 
exposed to 0.2 ppm chlorine. After various time intervals, 
aliquots were removed and the excess of chlorine neutralized 
by addition of 200 ppm Na2S.O;. Various dilutions were plated 
on nutrient agar as described in Methods. 

7 Relative sensitivity is defined as the ratio of survival of N 
cells to MG eells under standardized conditions (that is, 
chlorine concentration, exposure time, size of inoculum, and 
so forth). 


TABLE 2 
Sensitivity differences of MG and N cells at different 


disinfection rates* 


Chior- Bacterial Counts 


N. GROSSOWICZ [VoOL.7 

To find the factors responsible for the differences jy 
susceptibility to chlorine, some biochemical sy-tems 
known to be affected by chlorine were sought. Since 
chlorine is known as an SH poison, exerting its action 
by oxidizing sulfhydryl enzymes (Knox et al., 19438), it 
seemed most appropriate to test for the SH content 
of chlorine treated bacteria. Cells harvested from the 
different media were exposed to chlorine, and there. 
after total protein SH and “enzymatic SH” were de- 
termined (table 5). 

Untreated cells from both media contain approvxi- 
mately the same amount of SH. Chlorine treatment 


TABLE 3 
Effect of starvation on Escherichia coli sensitivity 
towards chlorine* 


: Bacterial Counts 
Chlor 
ine Con- 
centra- Chlorine Control 
tion treated (without 
cells chlorine) 


; ; _ | Disin- 
Source of Bacteria fection 
Time 


Percentage 
of Survivors 


> 


MG 

MG starved 
N 

N starved 
MG 

MG starved 
N 

N starved 


1.0 XK 10? 

7.0 X 10 

1.0 X 10° 

1.8 X 10! 

2.4 X 10 

1.2 X 10 
3.5.0 X& 108 
0.3 1.5 *& 10 


107 0.00055 
107 0.00038 
10° 0.55 
107 0.10 
10° 0.00013 
107 | 0.00007 
107 | 0.027 
10° 0.0088 


a a 


WN bo bo 


xXxxXKXKKXKXKX 


to 


* Washed Escherichia coli N and MG cells were starved for 
nitrogen compounds by growing them for 5 hr at 37 C with con 
stant shaking in a minimal medium from which (NH,)oSO, was 
omitted. After starvation, the cells were resuspended in the 
complete minimal medium and exposed to 0.3 ppm chlorine 
The disinfection rate of starved cells was compared to that oi 
unstarved £. coli of both strains. After exposure for 1 and 2 
hr, the excess of chlorine was neutralized and survivors plated 


TABLE 4 
Effect of nutrient broth ingredients on the chlorine sensitivity o! 
Escherichia coli* 


Source 
of 
Bacteria 


Disin- 
fection 
Time 


> 


ine Con- 


centra- 
tion 


ppm 


Chlorir 
treate 
cells 


ne- 
~d 


Control 
without 


Relative 
Sensi- 
tivityt 


Percentage 
of Survivors 


chlorine) 


Chlor- 
Growth Medium centra- 
tion 


ppm 


ine Con- 


Time 


Dis- Bacterial Counts 
ir 


ve Chlorine- Control 
. treated (without 
ce 


s chlorine) 


hr 


1959) 


resu |! 
MG 

high« 
were 
cells. 


Tl 
main 
whic 
mini 
were 
Was | 
agar 
from 
were 
term 
disi 
brot 
expe 
Whe 
ferel 
diffe 
in Sl 
cent 
requ 


Tota 


N 
MG 
N 
MG 
N 
MG 
N 
MG 


OX 10° 
OX 107 


1.10 Nutrient agar. . 2 11.3 XK 10° |1.7 X 10° 

0.00025 Minimal agar....... x 2 6.0 X 10 (6.0 X 105 
0 (0? 5 acto-pe wa 

0. OX 1 ¥ 00 142.8 + Bacto-peptone 

0.: OX 10% 035 1 per cent . 2 


2 
9 4400 
2 
2 
0. -1 X 10° 2.0 & 107 .00 + Bovril, 0.3 per 
9 
2 
2 


0.3 (2.2 X 105 
0.3 5.0 X 10 0.001 
.O X 106 


.O X& 108 


oo 


1.3 X 103 |1.8 X 107 | 0.00/ 


Con 


S 
tO 


Con 


o 


l 

7 

l — 

¥ : = 3.6 9 
0. 3.0 & 10° 2.0 X 103 0.012 

9 


.00 cent..... 3 2 11.5 X 10° |1.2 X 10° 
.06 .5 X 107 2.0 XK 10° 


.00 + Yeast extract, 2 
0.06 1.3 XK 107 2.0 X& 107 


No Nw bh Ww tb bo be be 


— 
> SS = 


or or 


00 id per cent... a 2 |2.3 X 105 |2.3 X 107 | 1.0 nin 
chlo 
neu! 
lect 
SH’ 
unt! 
sult 


* EF. coli was grown for at least 3 consecutive passages on the 
different media. The cells were washed, suspended in liquid 
minimal medium, and exposed for 2 hr to 0.3 ppm chlorine 
After neutralization of the excess of chlorine with Na2S.0;, 
cells were plated. 


* Washed Escherichia coli N and MG cells were exposed to 
different chlorine concentrations. After 2 hr the excess of 
chlorine was neutralized by addition of NaS.O;. Various 
dilutions were plated as described in Methods. 

+ For explanations see table 1. 
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resulted in a reduction of the SH content. However, 
MG cells showed a more striking reduction. The 
higher the chlorine concentration used, the greater 
were the differences in intact SH groups between the 
cells. 

DISCUSSION 

The experiments described above show that by 
maintaining #7. col7 on nutrient agar, cells were obtained 
which were more resistant to chlorine than if kept on 
minimal medium. The differences between the cells 
were particularly striking when an excess of chlorine 
was used; under the latter conditions cells from nutrient 
agar were almost 5000 times more resistant than cells 
from minimal medium. Differences between the cells 
were also encountered when SH groups were de- 
termined after exposure to chlorine. Application of the 
disinfectant resulted in a reduction of SH; however, 
broth-grown cells maintained a higher SH level (after 
exposure to large amounts of chlorine) than MG cells. 
When limiting amounts of chlorine were used, the dif- 
ferences in SH content between the cells grown in 
different media were small, and so were the differences 
in survival rate. Apparently a threshold chlorine con- 
centration unaffected by previous growth history is 
required to exhibit antibacterial action. 

Growth on nutrient agar seemed to allow the cells to 
survive in the presence of relatively high concentrations 
of chlorine. As chlorine tests were performed with 
carefully washed cells, it was assumed that the increased 
resistance of N cells was due to substances firmly bound 
to the cell. (The latter might be absent or present in 
reduced amounts in cells grown on minimal media.) 

These hypothetical cell-bound 


components may 


TABLE 5 
Total and “enzymatic SH” content of cells before and after 
chlorine treatment* 


“Enzymatic SH” Total Protein SH 


Chlorine Exposure 
Concentration Time : 
N cells MG cells 


N cells MG cells 


> 


ppm 
15.0 
10.0 
7.5 
5.0 


ug cysteine 

ye 6 34. 0 
13.6 6 244. 28. 
16. 4 631. 204. 
16.¢ 13... 653 .2 600. 

2.5 16.6 if. 672. 679.2 

1.25 17. 17. 653 .2 630. 
Control 1 iz 3 Hi. 679.2 663. 
Control 2 17.0 Le: 681.0 665. 


No hw hw DW WD bl 


* Washed cells from both media (4 ml, OD 0.40) suspended in 
minimal liquid medium, were incubated at 37 C with different 
chlorine concentrations. After 2 hr the excess of chlorine was 
neutralized by addition of 0.64 mg of Na2S.0;. Cells were col- 
lected by centrifugation. Total protein SH and ‘Enzymatic 
SH’ were determined. Two controls were used: (1) cells 
untreated with chlorine; (2) cells to which, at zero time, a thio- 
sulfate-neutralized chlorine solution was added. 


exert their protective action by (a) accelerating repair 
mechanisms of broth-grown cells; (b) binding chlorine 
nonspecifically and thereby diminishing its attraction 
to active sites; (¢) inhibiting the penetration of chlorine 
into the cell. 

Broth-grown cells were found to contain larger 
amounts of nucleic acids than cells from minimal agar 
(Roberts et al., 1955). These findings were in accord 
with the first assumption as excess of nucleic acids 
might be effective in repairing injured enzymatic 
systems. However, no differences in nucleic acid con- 
centration between the strains were detected. More- 
over, the quantitative differences in SH content found 
immediately after application of chlorine seem to rule 
out a repair mechanism. 

If the increased resistance of broth-grown cells to 
chlorine was due to nonspecific binding of the disin- 
fectant, we would expect to find increased amounts of 
chlorine-binding substances in the N cells. It is generally 
assumed that aromatic amino acids and SH groups of 
proteins might be the sites to which chlorine is bound in 
the cell. However, no significant differences in protein 
(measured as tyrosine) and in SH content in untreated 
N and MG cells were found. Thus, no direct proof in 
favor of the second assumption can be given. 

Still, another possibility is the occurrence of a sub- 
stance near the cell surface of broth-grown cells which 
affects penetration of certain toxic agents (for example, 
chlorine). In preliminary experiments with radio- 
active iodine, differences were found in the amount of 
iodine absorbed by the different strains. MG cells took 
up more iodine than broth-grown cells. We hope, there- 
fore, that it will be possible to explain the differences 
between the cells by use of radioactive chlorine. It is 
intended to pursue the study in this direction. 
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SUMMARY 

Escherichia coli maintained in nutrient agar shows an 
enhanced resistance (up to 5000-fold) towards chlorine 
in comparison to cells grown on minimal agar. The 
higher the concentration of chlorine used, the more 
marked were the differences between the cells. 

As a result of chlorine application to cells grown on 
nutrient agar and minimal agar, differences in ‘‘enzy- 
matic” and total protein SH are observed. 

Nitrogen starvation did not diminish appreciably the 
resistance of broth-grown cells. 

Possible explanations for the enhanced resistance to 
chlorine of E. coli grown on nutrient agar are discussed. 
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The formation of appreciable quantities of fumaric 
acid by fermentation is largely confined to organisms of 
the order Mucorales and in particular to the genus 
Rhizopus. Production of fumaric acid by these fungi has 
been reviewed by Foster (1949, 1954), whose papers 
may be consulted for prior references. Fumaric acid 
production is not strictly a one-product fermentation. 
Under limited conditions selected strains of Rhizopus 
produce primarily fumarie acid, but usually ethanol is 
present together with a substantial proportion of acids 
other than fumaric. In general, weight yields of fumarie 
acid have been reported as high as 40 to 50 per cent of 
the sugar fermented, glucose being the most commonly 
employed carbohydrate. Optimal conditions for the 
production of fumaric acid have not previously been 
clearly defined for either surface or submerged fer- 
mentations. According to published data, the level of 
various components of the fermentation medium such 
as carbohydrate, potassium, iron, magnesium, zine, and 
copper can greatly influence the yield. The purpose of 
this paper is to describe the optimal conditions for the 
production of fumaric acid in shaken flask culture. 


MATERIALS AND METHODS 


The compositions of the media employed in this work 
are summarized in table 1. The two media (C and D) 
are optimum for the laboratory-scale production of 
fumaric acid by the two strains of molds used. 

The organisms were cultured on slants of medium A 
for 5 to 7 days at 33 C to obtain a massive crop of 
spores. The spores were washed from slants of medium 


1 Presented at the 58th General Meeting of the Society of 
American Bacteriologists, Chicago, Illinois, April 27 to May 1, 
1958. 

2 Agricultural Research Service, U. 8. Department of Ag- 
riculture. 


A with 30 ml of a dilute detergent solution into 90 ml of 
medium B contained in a 300-ml indented Erlenmeyer 
flask. The spores were germinated in medium B by 
incubation for 18 hr at 33 C on a rotary shaker. Three- 
to five-ml quantities of medium B containing germi- 
nated spores were used as inocula for each 100 ml of the 
fermentation medium. The quantity of germinated 


TABLE 1 
Summary of media used for fumaric acid production by 
Rhizopus species 


Inoculum Fermentation 
Ingredient ———— 
(g/1000 ml final vol) " A : . B ” D 
‘ — — Glucose Molasses 
Commercial glucose*. 4.0 15.0 | Varied 
High-test molasses.... - 10.0 | - Varied 
Crude lactose.........| 6.0 - — 
SS RS en eee ear 10.0 ml — —_ 
LET SSR AS eats Cire a | 0.6 1.0 | 1.07 0.9 
POBRONG 652s dks oss 1.6 — —_ 
Corn steep liquor.... 1.0ml) 3.0 ml} 0.5 ml 
JC. (cer | et 0.3 | 0.3 | 0.1 
MgSO,-7H.0O......... 0.3 0.25 | 0.4 0.15 
ZnSO,-7H20....... 0.088 §— 0.066 | 0.044 | 0.044 
Ferric tartrate....... _ 0.01 | 0.01 
FeSO,-7H20......... 0.25 — — 
RES 4 0.005 } — 
MnSO,-4H20..... .| 0.05 — — 
SC PER a ae so dh — — 
OT” RRO CS Sie etnane 40.0 | — — 
a A ea 30.0 1 | — 
Corn starchf.......... — 30.0 — 
Methanolf............ = — 1.5% 1.5% 
SOR era Varied | Varied 


Cag)... — — 


* Corresponds closely to glucose monohydrate. 

+ Sterilized separately and added aseptically. 

t Thick boiling corn starch made up separately and added 
to basal salts medium before autoclaving. 
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spores used as inoculum was varied within this range. 
Less than 3 ml caused slower fermentations and more 
than 5 ml resulted in excessive mycelial growth and 
attendant reduced yields of fumarie acid from the sugar 
utilized. The examined 
microscopically for purity and extent of germination 
before transfer to the fermentation flasks. Under the 
conditions used, nearly 100 per cent of the spores 
germinated and formed a loose network of germ tubes 
and rudimentary, slightly branched hyphae. 

Fermentations were conducted in 300-ml indented 
Erlenmeyer flasks, each containing 100 ml of the ap- 
propriate fermentation medium. The flasks were in- 
cubated on a rotary shaker. Preliminary experiments 
sometimes were conducted utilizing these media in con- 
ventional unagitated Erlenmeyer flasks. It is agreed 
generally that complete neutralization of the acid 
formed during the necessary for 
maximal yields. Hence, sufficient CaCO; routinely was 
added to the medium before autoclaving to neutralize 
acid formed during the projected experiments. 

Fermentations were harvested according to the 
following procedure. Culture broths were first diluted to 
a volume sufficient to allow complete solution of the 
calcium fumarate present. The diluted broths were 
steamed for 15 min, the culture liquor filtered off, the 
mycelial material pressed and washed with boiling 
water, and the combined liquid phase made to an 
appropriate volume. Sugar was measured by the 
method of Shaffer and Hartmann (1921). The dry 
weight of cell mass was obtained after collecting the 
acid-washed mycelium on cheesecloth and drying the 
mycelium at 80 C for 5 days. 

Initially, fumarie acid was determined gravimetri- 
eally as mercurous fumarate according to the method of 
Olander (1929); total acids were calculated from the 
titration of excess acid after neutralization of the 
CaCO3. In later work, both total fermentation acids 
and fumarie acid were determined by an ion-exchange 
chromatography technique (Van Etten and McGrew, 
1957). For the determination of total acids by this 
method, a small aliquot (<0.5 milliequivalent) of the 
fermentation broth was passed through a small (7-cm) 
cation exchange column (Dowex* 50, H+ form); the 
acid was eluted with water and titrated with 0.01 N 
NaOH. Duplicate samples of the eluate from the cation 
column were passed through 6-cm anion exchange 
columns of Dowex 1 (OH~ form). The anion columns 
then were washed successively with water and 0.35 
N acetic acid to remove acids such as malic, succinic, 
gluconic, 2- or 5-ketogluconic, itaconic, and glycolic. 
Fumarie acid was eluted with 0.1 N HCl and the eluate 
twice evaporated to dryness on a steam bath. The 


germinated spores were 


fermentation is 


Dow Chemical Co., Midland, Michigan. The mention of 
products does not imply endorsement by the Department of 
Agriculture over other products of a similar nature. 
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residue was dissolved with water and titrated with 0.01 
Nn NaOH. Fumaric acid was the only acid present in the 
evaporated 0.1 N HCl eluate from the anion resin. 
Ninety-seven to 98 per cent recovery of fumaric acid 
added to fermentation broths was obtained with this 
method. The results of analyses made on fermentation 
liquids were comparable to those obtained with the 
gravimetric method employed in earlier phases of this 
work, as well as with a polarographic procedure. The 
gravimetric determination tended to give results 
slightly higher than those-obtained with either chro- 
matography or polarography. 

The production of fumaric acid by two strains of 
Rhizopus arrhizus was studied during the course of the 
work: R. arrhizus Fisher strain NRRL 1526 and R. 
arrhizus Fisher strain NRRL 2582. The two organisms 
were selected on the basis of a survey of molds of the 
genus Rhizopus contained in the ARS Culture Collec- 
tion at the North Utilization Research and Develop- 
ment Division. R. arrhizus 1526 previously had been 
shown by Ward (1940) to produce 25 to 30 per cent 
yields of fumarie acid from glucose. Rhizopus nigricans 
strains described in previously published reports lack 
invertase (Foster, 1954), as does R. arrhizus 1526. 
R. arrhizus 2582 differs from the other organisms 
mentioned by its capacity to utilize sucrose without 
prior hydrolysis. The apparent advantage of strain 
R. arrhizus 2582 was considered in emphasizing the 
study of the conditions for production of fumarie acid 
by this organism. 


EXPERIMENTAL RESULTS 


Of the factors tested, the type and concentration of 
nitrogen source employed in the medium exerted the 
greatest effect on growth and acid production. The most 
suitable sources of nitrogen for the fermentative pro- 


TABLE 2 
Effect of nitrogen sources on fumaric acid production from 
glucose by Rhizopus arrhizus strain NRRL 2582 


Fumaric Yield 
Fermented? —— | Fumaric 
€ 


. Fumaric 
re ~ S . 
Nitrogen Source* bse Acid of 


Formed Acid{ | Total Acid 
g/100 ml g/100 ml | % | % 
O00 AS.) 12.1 8.0 66 77 
il 28 eee 12.0 7.8 65 80 
S00 AR: 3) 12.0 7.8 65 82 
ht Ay) Se 12.0 8.2 68 83 
NH, Acetate. ......... 12.0 8.1 67 81 
MR ee ocelot 12.0 8.5 71 80 
ABPATRSING 2.06056 12.0 fied 64 76 
Nz Amime-B............... 12.0 7.5 62 80 


Five-day fermentation of medium C. 
* Equivalent to 0.047 g ammonium nitrogen per 100 ml 
fermentation medium. 


+ Initial sugar concentration: 12 g glucose/100 ml. 
t Per cent yield = 
fermented) X 100. 


(g fumarie acid produced)/(g sugar 
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duction of fumaric acid were ammonium salts and urea 
(tables 2 and 3). The most efficient fermentations were 
obtained with urea, and unless otherwise noted, urea 
was used in the experiments reported in this paper. 

The yields of fumarie acid produced, when various 
concentrations of glucose were fermented with R. 
arrhizus 2582 and 1526, are presented in tables 4 and 5. 
The usual pattern of fumaric acid production by these 
organisms is clearly demonstrated. Optimal yields of 
fumarie acid were obtained between 4 and 7 days, 
depending upon the concentration of sugar initially 
present. The fermentation can be conducted successfully 
using any of the sugar concentrations tabulated; 
16 per cent is the greatest concentration fermented to 
give maximal yield at 7 days or less. Culture R. arrhizus 
2582 was more efficient than R. arrhizus 1526, par- 
ticularly at higher concentrations of sugar. The amount 
of mycelium tended to increase when higher concentra- 
tions of urea were provided in the medium (table 3). 
Approximately 37 mg of nitrogen per 100 ml of medium 
were required for the fermentation of glucose by both 
organisms when glucose was the carbohydrate used. 
This may partially account for decreased yields of 
fumaric acid usually obtained when the medium con- 
tained more than 47 mg of nitrogen (0.1 g urea) per 
100 ml of medium. The per cent fumarie acid of total 
acid also tended to decrease with increased sugar and 
nitrogen concentrations. Apparently other fermenta- 


TABLE 3 
Effect of nitrogen sources and levels on fumaric acid production 
from molasses by Rhizopus arrhizus strain NRRL 2582 


ee Nitrogen Supplied Sugar Fumaric Yield Dry Wt 
aes Fermen- Ac ic Fumaric of , 
Raeint Rees ted Formed Acidt Mycelium 
days 100 onl g/100 ml | g/100 ml % g 109 ml 
3 37 Urea 8.1 3.7 46 0.34 
NH,Cl 7.8 3.5 45 0.34 
(NH4)2S0, 7.8 4.0 51 0.34 
47 Urea 9.3 4.3 46 0.49 
NH,Cl 8.8 3.8 43 0.46 
(NH,).SO, 9.2 4.2 46 0.51 
5 37 Urea 11.2 7.3 65 0.42 
NH,Cl 10.8 6.8 63 0.38 
(NH,)2SO, 11.4 7.4 65 0.42 
47 Urea 13.1 8.6 66 0.67 
NH,Cl 12.5 7.9 63 0.61 
(NH,4)oSO, 13.2 7.8 59 0.62 
7 37 Urea 13.7 9.7 71 0.56 
NH,Cl 12.8 8.7 68 0.47 
(NH4)2SO, | 13.2 9.0 68 0.54 
47 Urea 13.8 9.6 70 0.76 
NH,Cl 13.7 9.0 66 0.68 
(NH4) SO, 13.7 8.8 64 0.71 


Medium D was used. 

* Initial sugar concentration: 14 g/100 ml (invert value). 

+ Per cent yield = (g fumaric acid produced)/(g sugar 
fermented) X 100. 
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tion acids, which usually represent about 20 per «ent oj 
the total, tended to replace fumarie acid when the 
fermentation conditions were not optimum. The ratiy 
of fumarie acid to total acid varied less than cid the 
vield of fumarie acid; usually between 70 and sO per 
cent of the total acid formed during the fermentation 
Was fumarie acid. 


TABLE 4 
Effect of urea and glucose levels on fumaric acid production by 
Rhizopus arrhizus strain NRRL 2582 


Concentration of Urea Nitrogen (mg/100 ml] 


Age at | Initial 37 47 
Harvest Glucose 


” 


Suga S. . Suga = ; Suga = 
ug ir = FA ugar = FA Sugar v FA 
fer- 2 | Tar er ae By fer- 2 7 
mented) > 7 mented) > mented) \ 
- g/100 g 100 or or g/100 o7 g/ 100 ‘ P 
day ml ml : . ml : ‘ ml ¢ 
3 10 9.0 | 57 | 81 9.8 | 55 | 80) 9.7 | 50) 7% 


12 9.1 | 55 | 81 | 10.6 | 46 | 76 | 10.9 | 52 | 7% 
i4 9. 79 | 11.4 | 48 | 77 | 12.2 | 31) 6 
16 9.4 | 46 | 73 | 10.8 | 40 | 70 | 13.0 | 39 | & 
5 10 9.6 | 69 | 81 9.6 | 63 78 9.6 | 62 | 81 
12 11.5 | 73 | 85 | 11.5 | 71 | 80 | 11.5 | 62 | 80 
14 13.0 | 62 | 80 | 13.5 | 67 | 81 | 13.5 | 62 | 81 
16 14.2 | 68 | 82 | 15.1 | 60 | 78 | 15.0 | 59 | 67 
( 10 9.9 | 57 | 74 9.9 | 59 | 85 | 9.9 | 38 | 62 
12 11.8 | 69 | 82 | 11.8 | 63 | 82 | 11.8 | 58 | 81 
14 14.0 | 71 | 84 | 14.0 | 68 | 86) 14.0 | 40 | 74 
16 16.0 | 64 | 81 | 15.9 | 44 69 | 15.9 | 30 | 59 


2) 
or 
ohn 


Medium C was used. 

*Per cent vield = (g fumarie acid produced)/(g sugar 
fermented) X 100. 

7 Per cent of total acid (TA) which was fumarie acid (FA 


TABLE 5 
Effect of levels of urea and glucose on fumaric acid production by 
Rhizopus arrhizus strain NRRL 1526 


Concentration of Urea Nitrogen (mg/100 ml) 


47 5 


Age at Initial 37 6 
Harvest Glucose 

Sugar = FA sugar z FA / _—_ = FA 

mented) > mented > mented > 
days ; ‘oy oo" % % . a % % og % | % 
3 10 8.6 55 80 9.8 46 | 74 9.8 | 51 | 80 
12 7.9 | 53 | 74 | 10.6 | 48 | 75 | 10.4 | 45 | 78 
14 7.8 | 52 | 75 | 10.8 | 43 | 74 | 11.8 | 40 | 75 
16 8.2 | 47 | 77 | 11.7 | 48 | 79 | 12.8 | 42 | 7 
5 10 9.6 | 65 | 78 9.6 | 60 | 77 9.6 | 54 | 74 


12 10.9 | 67 | 77 | 11.5 | 62 | 78 | 11.5 | 57 | 79 


14 11.1 | 48 | 75 | 13.5 | 57 | 76 | 13.5 | 48 | 74 
16 9.5 | 50 | 72 | 14.6 | 55 | 74 | 15.2 | 48 | 71 


7 10 9.6 | 67 61 | 82 | 9.6 50 | 70 
12 11.6 | 65 | 7 11.6 | 61 | 76 | 11.6 | 60 | 78 
7 
7 


ie 2) 
— 
= 
S 


14 13.6 | 59 61 | 78 | 13. 54 | 74 
16 12.3 | 55 62 | 81 | 15. 57 76 


~I 1 + 

nom 
w 

~I sJ 


Medium C was used. 
*Per cent vield = (g fumarie acid produced)/(g sugat 
fermented) X 100. 


+ Per cent of total acid (TA) which was fumarie acid (FA 
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If it is assumed that 1 mole of fumarie acid is formed 
from 1 mole of hexose sugar fermented, then the 
theoretical weight yield of fumaric acid is 64.4 per cent 
of the sugar fermented. Most rapid utilization of the 
carbohydrate occurs early in the course of the fermen- 


tation and the rate of utilization decreases as the fer- 
mentation continues. 

The fermentation of high-test molasses by strain 
R. arrhizus 2582, shown in table 6, usually occurs at a 
more rapid rate than does the fermentation of glucose. 
This difference may reflect the stimulation of accessory 
mineral and other factors present in molasses. Strain 
R. arrhizus invert 
utilizing both moieties of the hydrolyzed sucrose. 

Suitable neutralization of the fumarie acid formed 
during the fermentation is necessary for the optimal 


1526 also will ferment molasses 


production of acid (table 7). Because of the low solu- 
bility of fumarie acid (0.7 g per 100 ml water), fumaric 
acid crystals rapidly accumulate in the fermentation 
medium and cause thickening or gel formation unless a 
salt of the acid, such as calcium fumarate, is formed in 
the culture medium by neutralization. Calcium ear- 
bonate in excess can be used in laboratory shake-flask 
fermentations to provide the continuous neutralization 
which otherwise could not be readily accomplished. An 
excess of calcium carbonate beyond that required for 
neutralization of acid seemed to stimulate acid produc- 
tion. 

1938; 


’ 


(Waksman and Foster, 
Foster and Waksman, 1939) have emphasized the role 


Previous workers 
of metal salts in fumarice acid production by R. nigricans 
and Rhizopus oryzae. In particular, the amount of zine 
present in the medium was shown to influence greatly 
the amount of acid or growth produced during the 
fermentation. The amount of growth was reported to 
be proportional, and fumaric acid production inversely 
proportional, to the quantity of zine present. Iron had 
nearly the opposite effect. The influence of various 
concentrations of salts in the medium on the formation 
of fumarie acid by R. arrhizus 2582 is shown in table 
8. No attempt was made to purify the salts or other 
ingredients of the medium. Under the conditions used, 
the elements which exerted greatest effects upon growth 
Were zine, magnesium, and phosphorus. Fumaric acid 
production was severely limited by less than optimal 
levels of magnesium, and both growth and acid pro- 
duction were restricted completely in the absence of 
phosphorus. About 10 ppm Znt+ appeared to be 
optimum for fumarie acid production by R. arrhizus 
2582, although the effect of different concentrations of 
zinc Was not as marked as that demonstrated with other 
organisms by previous workers. Magnesium ion con- 
centrations between 20 and 40 ppm were most ef- 
fective. Phosphorus, present as the phosphate ion, was 
required in moderately high concentration (200 ppm 
PO;) for optimal production of fumarie acid. Iron, 
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added as iron tartrate, did not greatly alter the fer- 
mentation. The addition of corn steep liquor did not 
enhance acid production. 

Results of similar experiments indicate that lesser 
amounts of phosphate (75 ppm PO,) and magnesium 
(15 ppm) need to be added for optimal production of 
fumaric acid from high-test molasses as compared with 
glucose. Corn steep liquor and iron are not added to the 
medium when molasses is used as the source of fer- 
mentable carbohydrate, but the addition of 10 ppm 
or less of zinc ion may be beneficial. 


TABLE 6 
Effect of urea and molasses levels on fumaric acid production by 
Rhizopus arrhizus strain NRRL 2582 


Concentration of Urea Nitrogen (mg/100 ml) 


Age at 


Initial 28 37 47 56 
_ le _ 
Sugar Sugar Sugar Sugar 
fer- (Yieldt  fer- Yield fer- Yield fer- | Yield 
mented mented mented mented 
dave g/100 g/100 o g/100 ; oO [ 2/100 o g/100 oO 
“a ml ml ¢ ml . ml ‘ ml t 
3 10 5.6 61 2.8 61 8.7 60 9.1 54 
12 6.8 54 8.2 56 8.8 51 9.8 47 
14 5.6 45 7.4 48 8.7 44 9.7 40 
15 6.8 45 8.4 48 9.3 48 
5 10 8.0 67 9.6 ip: 9.8 68 9.8 64 
12 8.8 64 | 11.0 70 | 11.6 69 | 11.7 61 
14 8.3 62 | 11.6 64 | 12.2 58 | 13.3 53 


16 9. 55} 11.3 | 55 | 18.5 | 54] 14.6] 52 
7 12 Ve @o | 15.6 | 72 | 12.8) 68) TES} 
14 12.0; 69 | 138.4; 69) 13.8| 66) 13.8] 63 


3 

15 9.4 57 | 11.9 60 | 13.0 59 
1 
4 


15 11.6 | 62) 13.5| 67 | 14.5] 61 
16 11.6; 61 | 14.4) 62) 15.4) 60] 15.5 | 52 
8 16 13.3 | 64) 15.4; 64) 15.6] 62] 15.6 | 55 


Medium D was used. 

* Initial sugar concentration (invert value). 

+ Per cent yield = (g fumaric acid produced)/(g sugar 
fermented) X 100. 


TABLE 7 
Effect of carbonate and urea levels on fumaric acid production by 
Rhizopus arrhizus strain NRRL 2582 


Concentra- a Giaae Fumaric Yield. Fumaric 
tion Urea CaCOs | Fermented* _Acid Fumaric Acid of 
Nitrogen Formed Acidt Total Acid 
mg/100 ml g/100 ml g/100 ml g/100 ml q Qq 
28 3 10.2 5.0 49 76 
6 11.2 7.0 62 78 
10 12.6 th 61 75 
42 3 11.0 5.2 47 78 
6 12.8 7.2 56 7 
10 14.0 9.1 65 80 
56 3 12.3 5.3 43 80 
6 13.8 7.4 54 78 
10 14.0 9.0 64 82 


Seven-day fermentation of medium D. 

* Initial sugar concentration: 14 g/100 ml (invert value). 

+ Per cent yield = (g fumarie acid produced)/(g sugar 
fermented) X 100. 
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Moyer (1953) has reported that the addition of 1 to 
3 per cent (v/v) methanol to the medium aids the 
formation of citric acid by Aspergillus niger. Methanol 
apparently increased the tolerance of the mold for 
certain salts and was slightly toxic to the mold at the 
levels which were effective in increasing the yield of 
citric acid. Addition of methanol to fermentations 
brought about by either of the two strains of R. arrhizus 
saused increased yields of fumaric acid, compared to 
those obtained in fermentations conducted without 
methanol. The data in table 9 indicate that between 
10 and 25 per cent greater yields of fumaric acid may 
accompany the addition of methanol to the fermenta- 
tion of molasses by R. arrhizus 2582. Methanol had a 
greater effect on the yield of fumaric acid from molasses 
by R. arrhizus 2582 than it had on the fermentation of 
glucose brought about by either R. arrhizus 2582 or 
R. arrhizus 1526. Efficiency of fumaric acid production 
by R. arrhizus 1526, based on sugar used, was not 
affected by the presence of methanol. However, the 
amount of sugar used and the amount of fumarie acid 
produced were increased, particularly during the early 
stages of fermentation. In contrast, methanol increased 
markedly the yield of fumarice acid per unit of sugar 
fermented by R. arrhizus 2582, but did not stimulate 
the rate at which the sugar from molasses was utilized. 


TABLE 8 
Effect of salts on the formation of fumaric acid from glucose by 
Rhizopus arrhizus strain NRRL 2582 


: Sugar Fumaric Yield Fumaric 
Element Amount Fer- _Acid Fumaric Total 
mented* Formed Acidt Acid 
ppm g/100 ml sg /100 ml / / 
Zn** 0 13.6 r Re 53 76 
(ZnSO,-7H.O) 5 13.4 7.0 52 74 
10 13.7 8.8 64 82 
15 13.7 7.8 57 77 
Mg** 0 10.4 3.4 36 60 
(MgSO,-7H2O) 20 13.6 7.5 55 78 
40 13.7 8.8 64 82 
60 13.7 7.3 53 76 
Fe*** (iron tar- 0 13.7 8.1 59 80 
trate) 2.5 13.7 8.8 64 82 
5.5 13.7 8.4 61 81 
8.0 13.7 8.2 60 78 
PO. (KH2PO,) 0 0.8 
105 13.6 7.3 54 79 
210 13.7 8 64 82 
315 13.7 7.9 58 75 
mg/100 
Corn steep liquor 0 13.7 8.4 61 80 
50 13.7 8.8 64 | 82 
100 13.7 7.8 57. | 75 
150 13.7 8.1 59 76 


Five-day fermentation of medium C. 

* Initial sugar concentration: 14 g glucose/100 ml. 

+ Per cent yield = (g fumarie acid produced)/(g sugar 
fermented) X 100. 
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The optimal level of methanol in the medium was 13 
per cent. This amount of methanol did not affect eo). 
sistently the amount of mycelium produced during th: 
growth of either strain of R. arrhizus. The ratio ¢j 
fumaric acid to total acid produced in the fermenitatioy 
was not altered by the presence of methanol in the 
medium. 


TABLE 9 
Effect of methanol on fumaric acid production from inolasser 
by Rhizopus arrhizus strain NRRL 2582 


ae | omnee- — Fumaric | Yield 
tech, SEE seo ect ARPES | 
days mg/100 ml % g/100 ml g/100 ml % g/100» 
3 37 0 8.1 3.5 43 0.32 
1.5 7.9 4.7 59 * 0.38 
47 0 8.8 3.6 41 0.56 
15 9.0 4.8 53 0.43 
56 0 9.8 3.6 37 0.67 
1.5 9.9 4.6 46 0.75 
5 37 0 10.3 5.4 52 0.44 
1.5 10.9 7.8 72 0.45 
47 0 11.5 5.8 50 0.63 
1.5 11.7 7.6 65 0.66 
06 0 11.8 5.7 48 0.79 
1.5 11.8 7.2 61 0.85 
7 37 0 Ey 6.9 59 0.58 
1.5 Ee 9.1 77 0.64 
47 0 11.8 6.6 56 0.73 
1.5 11.8 8.6 73 0.72 
56 0 11.8 6.2 52 0.83 
1.5 11.8 7.5 63 0.84 


Medium D was used. 

* Initial molasses sugar concentration: 12 g/100 ml (invert 
value). 

+ Per cent vield = (g fumarie acid produced)/(g_ sugar 
fermented) X 100. 


TABLE 10 
Effect of temperature on the production of fumaric acid by 
Rhizopus arrhizus strain NRRL 2582 


Concentra - HES ae ves Yield Fumaric 

Temp | ton Urea’ rermented” ("Formed | Fammaric | Ail, 
Cc mg/100 ml g/100 ml g/100 ml % % 
30 80 in 4.6 59 80 
100 8.5 | 4.4 52 76 
120 8.9 4.6 52 79 
33 80 9.3 5.5 59 82 
100 9.8 5.3 54 79 
120 9.8 4.9 50 76 
35 80 9.8 5.6 57 79 
100 10.0 5.6 56 79 
120 10.0 4.5 45 72 
38 80 9.3 4.8 52 78 
100 9.9 5.0 50 78 
120 10.0 4.8 48 80 


Three-day fermentation of medium C., ° 

* Initial sugar concentration: 10 g glucose/100 ml. 

+ Per cent yield = (g fumarie acid produced)/(g sugat 
fermented) X 100. 
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The optimal temperature for the production of 
fumarie acid by the two strains of R. arrhizus is between 
93 and 35 C. The data obtained in table 10 illustrate the 
effect of temperature on the production of fumarice acid 
from glucose by R. arrhizus 2582. Although greater 
quantities of fumaric acid were obtained at 33 or 35 C 
than at other temperatures, yields based upon the 


sugar utilized during the fermentation were not greatly 
different at 30, 35, or 35 C. Less sugar was fermented at 
30 C than at other temperatures and smaller quantities 
of acid resulted from the sugar utilized at temperatures 
greater than 35 C. At 41 C, growth and sugar utiliza- 
tion were severely limited and only traces of acid were 
produced, 


DISCUSSION 

As is true of organic acid production by other fungi, 
the concentrations of carbohydrate and nitrogen in the 
fermentation medium are of crucial importance to 
fumarie acid production by R. arrhizus. The fermenta- 
tion of both glucose and molasses by R. arrhizus 
2582 and of glucose by R. arrhizus 1526 required 
about 40 mg nitrogen per 100 ml, either as urea or 
ammonium salts. Further, the same amount of nitrogen 
was required for best conversion of carbohydrate at 
levels of 10 to 16 per cent. The amount of mold my- 
celium formed was proportional to the amount of 
nitrogen supplied in the medium. 

A characteristic of this fermentation at completion is 
the nearly constant proportion of fumarie acid to total 
acid. Initially, the ratio of fumarie acid to total acid is 
low, but increases as growth of the organism ceases and 
as acid production dominates the fermentative activity. 
The effects of the various factors tested indicate that 
conditions optimum for the production of greatest 
amounts of fumarice acid also are optimum for the 
greatest per cent of fumaric acid of total fermentative 
acidity. Hence, conditions which exclude the utilization 
of carbohydrate for the formation of other acids and 
metabolic products, including cell substance, are es- 
sential for efficient fumarate formation. 

The continued formation of fumarate in fermenta- 
tions in which the carbohydrate has been completely 
utilized and the simultaneous increase in the ratio of 
fumarie acid to total acid support the concept that 
certain initial products of the fermentation later are 
utilized by the mold to form additional fumarie acid. 
Such metabolic products as ethanol and carbon dioxide 
may serve as substrates for fumarate production by 
R. arrhizus, as was demonstrated with the R. nigricans 
cultures studied by Foster et al. (1949). Convincing 
evidence that a carbon dioxide fixation mechanism may 
be operative in the metabolism of these molds has been 
obtained (Barinova, 1941; Foster et al., 1941; Foster 
and Davis, 1948). The increased yields observed in the 








presence of an abundance of carbonate may indicate 
that carbon dioxide was utilized by R. arrhizus. These 
workers concluded that under highly aerobie conditions 
R. nigricans forms fumaric acid by a direct combination 
of the methyl carbons of two moles of a two-carbon 
intermediate derived from ethanol. Evidence obtained 
with C" ethanol indicated that fumarate was formed by 
direct condensation of a two-carbon fragment; in 
addition, yields of fumarate from ethanol were so high 
that the tricarboxylic acid cycle was excluded as an 
intermediate mechanism in the formation of fumarate. 
Kornberg and Krebs (1957) and Kornberg and Madsen 
(1957a, b) have demonstrated the occurrence in 
Pseudomonas of a “glyoxylate cycle” variant of the 
tricarboxylic acid cycle which acts to replace inter- 
mediates drained from the tricarboxylic acid cycle. 
Kornberg and Krebs (1957) have postulated a cycle of 
fumaric acid formation by Rhizopus to fit the data of 
Foster and co-workers. According to their postulate, 
glyoxylate and succinate are formed from isocitrate by 
means of the isocitrase reaction initially demonstrated 
to occur in various genera of bacteria by Smith and 
Gunsalus (1955) and Wong and Ajl (1955). The 
glyoxylate thus formed condenses with acetate in the 
form of acetyl-coenzyme A to form malate which then 
is oxidized to generate oxalacetate. The oxalacetate 
combines with acetate ultimately to form succinate 
through the usual tricarboxylic acid series of reactions. 
Summation of these reactions provides for the forma- 
tion under aerobic conditions of 1 mole of fumarate from 
2 moles of acetate. The accumulation of fumarate may 
be attributed to low activity or absence of fumarase. 


SUMMARY 

Optimal conditions were determined for the shaken- 
flask production of fumarie acid by two strains of 
Rhizopus arrhizus. The strains differed chiefly in their 
ability to utilize sucrose. 

Fumarie acid was produced by the fermentation of 
10 to 16 per cent concentrations of glucose, sucrose, or 
the partially inverted sucrose .of high-test molasses. 
Under suitable conditions 60 to 70 per cent of the sugar 
utilized was converted to fumaric acid in 3 to 8 days, 
depending upon the amount of sugar employed. Of the 
total acids produced, 75 to 80 per cent was fumaric 
acid. The kind of nitrogen source and the amount 
supplied influenced the yield of fumaric acid. The most 
efficient fermentations were obtained with appropriate 
levels of either urea or ammonium sulfate. Under 
specified conditions the addition of zinc, magnesium, 
phosphorus, iron, and corn steep liquor to the medium 
was necessary to secure optimal yields of fumaric acid. 
Up to 25 per cent greater yields of fumaric acid were 
obtained by the addition of methanol to fermentations 
conducted with molasses. 
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The bacteriology of meat curing brines has been 
studied chiefly from the standpoint of preservation of 
meat. Such investigations have established that con- 
centrations of salt used are not bactericidal but in- 
hibitory to most bacteria, and that certain osmophilic 
bacteria and yeasts tolerate or, in some cases, even 
require salt concentrations for maximal growth. 

The relationship of brine microorganisms to flavor 
production in the curing process has been mentioned 
from time to time by workers dealing with the chemistry 
and bacteriology of curing brines. This work has been 
reviewed by Tanner (1944) and Jensen (1954). Some 
workers have obtained evidence that seemed to indicate 
that microorganisms in brines were a factor in flavor 
production and some have obtained results to the 
contrary. Gibbons (1939) stated, “Little information 
ean be found on the role bacteria actually play in meat 
euring.’”’ Brooks et al. (1940) reported that bacterial 
activity in curing brines was not essential to the pro- 
duction of satisfactory flavor in bacon and ham. Deibel 
and Niven in 1957 reported experiments in which pure 
cultures of lactobacilli and also mixed flora inocula were 
added to commercial curing brines in an effort to en- 
hance flavor production. Bacterial growth was in- 
hibited in control brines by the use of antibiotics. 
Evidence for the production of an undesirable sour 
flavor in the inoculated hams was obtained. 

Fermentation by bacteria and yeasts plays an 
important part in the preparation of wines, cheeses, 
butter, molasses, pickles, sauerkraut, olives, and 
fermented sausages. Numerous references to detailed 
studies for the selection and use of microorganisms for 
the production of flavor and aroma in the products 
mentioned are to be found. 

This work was undertaken to investigate the question 
as to whether or not the growth of a bacterium in a 
meat curing brine would affect flavor of the meat. The 


effects on flavor of a single bacterial species acting 


upon a substrate, obtained in sterile condition without 
heat or chemical treatment of the actual meat used, 
have been recorded. In this respect, there are inherent 
advantages which, to our knowledge, have not been 
extensively explored in the field of food fermentation 
studies, 


MATERIALS AND METHODS 


Hogs supplying hams for all experiments were of 
approximately the same age and weight and from 
several inbred lines developed at Beltsville in which 
Danish Landrace was crossed with various breeds. They 
had been maintained on standard diets in a record of 
performance study. The hams which had been held at 
38 F from 2 to 7 days post slaughter were washed in 
hot water and detergent, Sparkleen! (1 tablespoonful 
per gallon), surface disinfected with Zephiran? by 
mopping the entire surface twice at an interval of 10 
min with a 1:1000 solution in 80 per cent ethyl alcohol. 
Chunks of meat weighing approximately 50 g each were 
aseptically removed from the biceps and placed in a 
pint fruit jar of brine. Sterile, glass beads were added to 
raise the level of brine over the meat. A single muscle, 
the biceps, was used in each of the three experiments as 
different muscles of the same hog are known to differ in 
chemical composition (Brady et al., 1944) and different 
beef muscles from comparable animals have been shown 
to differ in aroma, flavor, juiciness, and tenderness 
(Jacobson and Fenton, 1956). Half of the chunks from 
each ham were used for controls and half for testing the 
effect of added inoculum. 

Brine contained 6 per cent sodium chloride, 1.5 per 
cent sucrose, 0.09 per cent sodium nitrate, and 0.009 
per cent sodium nitrite. Sixty ml of the brine were used 
to cure a 50-g meat sample. These proportions are 
approximately the same as used in commercial and 
farm curing procedures. It was necessary to add all the 
nitrogen in the form of nitrite in control samples which 
lacked the presence of nitrate reducing bacteria. This 
was done to have the meat in both cases a desirable red 
color at the end of the curing period. 

Bacterium. The test organism used (laboratory desig- 
nation, HB28) was a gram negative rod displaying 
monotrichate and amphitrichate polar flagellation. The 
bacterium is slowly proteolytic at 33 C. It is capable of 
growing on Bacto-fluid thioglycolate? medium as well 


1 Sparkleen contains sodium hexametaphosphate. Fisher 
Scientific Company, Pittsburgh, Pennsylvania. Mention of 
specific commercial materials and equipment throughout this 
paper does not constitute recommendation for their use ab 

| t titut lat for the e above 
similar materials and equipment of equal value. 

2 Active ingredient: benzalkoniumchloride. Winthrop Lab- 
oratories, New York, New York. 

3 Difeo Laboratories, Ine., Detroit, Michigan. 
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as aerobically. It grows over the range of 0 to 41 C, 
utilizes ammonium salts as a sole source of nitrogen, is 
‘atalase positive, and reduces nitrates to nitrites. It is 
indole and H2S negative. Acid is produced from glucose, 
sucrose, glycerol, mannitol, and maltose. It is not 
‘sapable of growth on mineral agar containing ethanol 
and ealecium carbonate (Stanier, 1947) and does not 
produce detectable amounts of acetic acid when grown 
at 30 C in enriched media to which ethanol has been 
added. The organism grows well in media containing 
10 per cent NaCl, but better in 5 per cent NaCl. It 
grows poorly in media containing 0.5 per cent NaCl 
and does not exhibit the metabolic activities here re- 
corded. These were determined on media containing 
5 per cent NaCl. The only exception to this statement 
is noted in the ability of the bacterium to produce acid 
from sucrose in medium containing 0.5 per cent NaCl. 
Rapid formation of a water soluble brown pigment 
served as a marker in experimental work. The authors 
consider the bacterium a species of Pseudomonas. It is, 
apparently, closely related to Pseudomonas nigrifaciens 
but differs from it in several characteristics, particu- 
larly with respect to its reaction on sugars. It was 
selected for use in these experiments in flavor produc- 
tion by screening 35 cultures isolated from ham curing 
brines. A number of discriminating panel members 
indicated that meat cured in the presence of this 
bacterium possessed desirable flavor in comparison to 
meat cured in sterile brine or in brines plus other test 
organisms. Two human volunteers repeatedly drank 
without ill effects 10-ml quantities of brine from ex- 
perimental cures in which the organism had grown 
for 72 hr. Inoculum for addition to experimental cure 


TABLE 1 
Results of triangular taste tests showing influence of Pseudomonas 
sp. strain HB28 in curing brine 


No. of Tasters* 


Expt No. 
Needed for 4.001 


Total Correct level of significancet 


Brine—Inoculated vs Controlt 
29 19 19 
29 20 19 
25 16 17 
Meat Extract—Inoculated vs Control 
29 23 19 
27 18 18 
26 18 17 
Meat—Inoculated vs Control 
26 19 17 
27 20 18 
27 19 18 


* Total number of tasters for different materials in a given 
experiment varied as different materials were tasted on three 
successive days. It was not always possible to locate all judges. 

+ Roessler et al., 1948. 

t Taster given two inoculated and one control sample or 
vice versa. 
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jars was prepared by plating an actively growing 
culture (three daily transfers immediately before use 
to seed Kolle flasks) 18 to 20 hr prior to use on Buacto- 
veal infusion agar containing 6 per cent sodium chloride 
(the concentration of experimental brine). Growth was 
washed off in 6 per cent sodium chloride solution and 
diluted to Klett scale reading of 900, and 1 ml of this 
was added to each curing jar in the treated series, 

Curing. Inoculated and control curing jars were in- 
cubated at room temperature for 3 days. During: this 
time, the bacterial count increased about 7-fold in jars 
in which inoculum had been added. In one exceptional 
experiment, the bacterial count of the inoculated brine 
increased from 200,000,000 to 2,600,000,000 per ml, the 
peak count during the 3-day curing period. The peak 
was reached after 48 hr. This amount of increase was 
determined by plate counts of brine made immediately 
after addition of the inoculum and at 24-hr intervals 
during the curing period. Control curing brines were 
tested for sterility and treated brines for purity of 
culture by culturing at the end of the curing period. 
From each well mixed brine, transfers of 1 ml were made 
to veal infusion agar plates and to fluid thioglycolate 
medium. A direct smear from each brine stained by 
Gram’s method was examined. Specimens which failed 
to meet sterility specifications by these criteria were 
discarded. 

Preparation of materials for organoleptic testing. 
Following the curing period, meat for taste testing was 
removed from the brines, rinsed quickly in tap water 
and ground twice in a sausage grinder. Half of the 
treated meat and half of the control meat were ex- 
tracted in distilled water (640 g per L) at approximately 
5 C for 48 hr and half of each lot cooked in cakes by 
steaming for 15 min in sufficient distilled water to cover 
and evaporating to palatable moisture content. The 
extracted meat was removed from the broth by filtering 
through gauze, the extract diluted with an equal volume 
of distilled water, boiled for 5 min, decanted from the 
coagulated material, and distributed in serological test 
tubes for tasting. Brine, both control and inoculated, 
was diluted to approximately the same degree of salti- 
ness as the diluted meat extract, boiled for 5 min, 
decanted from coagulated material, and tubed for 
testing. 

Organoleptic testing. Organoleptic testing of brine, 
meat, and meat extract was done by a carefully se- 
lected panel (McLean et al, 1959) with demonstrated 
ability to repeat their judgments (Bradley, 1953). 
Triangular testing was used and data were analyzed 
for significance according to tables by Roessler e/ al. 
(1948). 

Histological preparations. In one experiment, samples 
of cured meat 2 by 8 mm were cut from the center of 
chunks of ham, control and inoculated, and fixed in 
10 per cent formalin. Paraffin sections 5 and 10 u in 
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thickness were prepared for microscopic examination 
with Giemsa staining (Strumia, 1936). 


RESULTS AND DISCUSSION 


Results are recorded in table 1 and show that, for the 
three materials tested, the bacterium added to curing 
brine produced a distinctive flavor. In the three ex- 
periments reported, the number of tasters correctly 
matching unknowns was sufficient, except in one case, 
to make the results fall within the highly significant 
range, that is, within the 0.001 level (1 in 1000 chances 
of error) indicating that a difference had been pro- 
duced (Roessler et al., 1948). In one experiment, a 
majority of the members of the taste panel preferred 
meat cured in sterile brine to that cured in brine sup- 
porting active growth of the bacterium. No bacteria 
were found within the tissues in the inoculated meat 
when paraffin sections with Giemsa staining were 
examined. Material from one out of three identical 
experiments (15 sections from control block and 15 from 
treated block) was considered adequate for this con- 
clusion. Therefore, the changes produced by bacteria 
resulted from the passage of bacterial metabolites from 
the brine into the meat. 
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SUMMARY 


The data presented establish that, under the ex- 
perimental conditions employed, a species of Pseu- 
domonas, strain HB28, growing in a meat curing brine 
affected flavor. In addition, methods have been evolved 
for evaluating microorganisms for flavor production in 
meat curing brines in a completely controlled system. 
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The effects of freezing on bacterial cultures have been 
investigated by numerous workers. The most com- 
monly used method of preserving microorganisms is 
lvophilization (drying from the frozen state), but this 
is a drastic procedure for in most instances compara- 
tively few organisms (2 to 3 per cent) survive the freeze 
drying process. Cultures preserved in this way have 
remained viable for as long as 35 years (Engley, 1956). 
However, the viability of the surviving organisms is 
low so that frequent serial transfers for 1 to 3 weeks 
are needed in order to reactivate the culture before use. 
It was felt that the adaptability, speed, and efficiency 
of microbiological assay procedures could be increased 
if a method of preserving test organisms in a ready 
state could be developed. 


MATERIALS AND METHODS 


In developing methods for the preservation of test 
inocula by direct freezing, the following principles, as 
enumerated by Squires and Hartsell (1955), were kept 
in mind. ‘*The number of bacteria surviving subfreezing 
temperatures will be functions of: 

“1. Initial numbers of viable cells present when frozen. 

“2. The rate of the freezing and thawing process. 

“3. The temperature of storage, 0 to —20 C being 
more destructive than below —20 C. 

“4. The time or duration of the storage period. 

“5. The physical protection offered by the menstrua 
in which the microorganisms are frozen.” 

Assay organisms selected for use in preparing frozen 
inocula were first. tested for optimal sensitivity and 
growth response and, if necessary, were reactivated by 
serial transfers. 

Cultures were washed in M/15 phosphate buffer, 
pH 7.0 (Squires and Hartsell, 1955), and the cells re- 
suspended in phosphate buffer containing 15 per cent 
glycerol (Howard, 1956) prior to freezing. 

The general procedure used for preparing frozen 
inocula is given below (refer to table 1 for any devi- 
ations from the general method). 

(1) Inoculate 100 ml of the appropriate inoculum 
broth with one tube (10 ml) of a fresh 16 to 18 hr cul- 
ture of the test organism. Incubate for 24 hr at tem- 
perature indicated (table 1). 

(2) Centrifuge and wash culture in sterile phosphate 
buffer, volume for volume (table 2). 


(3) Resuspend washed cells to 40 per cent of original 
volume in buffer containing 15 per cent glycerol (table 
2). Use tryptose-saline for vitamin By. Resuspend to 
20 per cent of original volume for folie acid. 

(4) Adjust cell concentration of suspension, if neces- 
sary, by adding phosphate buffer containing 15 per 
cent glycerol so that a 1- to 10-dilution of the suspen- 
sion will give a light transmittance of 40 to 45 per cent 
against water on a Lumetron! 402E colorimeter with a 
M640 filter. The inoculum is now ready for freezing. 

(5) Add sufficient inoculum to sterile glass ampules 
(5- or 10-ml capacity) for 1 day’s use only. Fill using a 
sterile syringe and do not fill more than one-half of 
ampule volume. 

(6) Carefully heat-seal ampules, slant, and place in 
a deep-freeze at —40 C. The cell suspension should 
take approximately 15 to 30 min to freeze. 

(7) The test inoculum, when stored at —40 C, should 
give a satisfactory growth response for 6 months to 1 
year or more. 

(8) For assay, thaw out inoculum by placing an 
ampule in lukewarm water (25 C). Shake well to mix 
contents, aseptically withdraw 1 ml, and dilute for 
assay as indicated in table 1. 

(9) When a satisfactory assay response is no longer 
obtained, the test organism may be recultured on solid 
media for several transfers and new inoculum prepared. 

The frozen inoculum was tested along with the parent 
inoculum, the same day as prepared, to detect any 
change due to the freezing process. In addition, several 
test standards were run to determine the best. concen- 
tration of inoculum for the assay. 

The frozen inoculum was tested against a control 
made from a regular monthly subculture, once a month 
for a period of 6 months and again at the end of 1 year. 
All assays were incubated for 17 hr (+15 min) except 
the tetracycline assay which has an incubation period 
of 3 hr. 


RESULTS AND DISCUSSION 


Preliminary experiments using a shell freezing tech- 
nique (Dry-Ice plus acetone) were unsuccessful. Best 
survival was obtained by slow freezing (15 to 30 min) 
as recommended by Meryman (1956). 


! Photovolt Corporation, New York, New York. 
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Test organisms used for vitamin assay were prepared growth response, indicating nearly 100 per cent mor- 
tality. 

All cultures, except Lactobacillus leichmannii, re- 
mained stable when frozen in M/15 phosphate buffer 


in two ways. The cell suspension was divided equally 
and one portion washed before freezing; the other, just 
before use. Cells washed after thawing gave little or no 


TABLE 1 
Preparation of test cultures for direct freezing 


Inoculum Lumetron 402E 


Adjustment of 
Cell Conc 


Test Organism Culture Medium For Assay 


Suspending re i 
uspending Agent Dilute Inoculum 


Time Temp Wash 


inal 2 Lactobacillus 
ible leichmannii 


By inoculum broth USP | 2 37 C 3X Tryptose-saline 
(Difeo) + 15% glve- 
strain erol 
l te 
) ATCC 
7830 


Streptococcus 


to 10 dilu- 
tion of sus- 


1 to 20 


pension 
gives 40 to 
45% LT* 
to 10 dilu- 
tion of sus- 


Ces- Folic acid 


per fae calis 


Tomato juice. ..20.00 ml 
Tryptone. 0.50 g 
Peptonized milk 1.00 g 
Liver extract 
cone... 
Folie acid. . 
a Dist HO 
les Inositol Yeast extract 


Phosphate buf- 
fer + 15% 
glycerol. 
Resuspend 
cells to 20% 
0.05 pg of original 

100.00 ml vol 

O4¢ 30 C 


1 to 50 


yen- strain 


pension 
ATCC 8048 


gives 35 to 
40% LT 
(M640 
filter) 

to 10 dilu- 


ent 


0.05 g 
ha 


Saccharomyces Phosphate Suspension 


ie a 


' of 


carlsbergen 
sis strain 
ATCC 9080 


Malt extract 
broth... 
Glucose 


0.1 g 


(shaker) 


buffer + 15% 
glycerol. 


tion of sus- 
pension 


adjusted, 
20 to 25% 


0.4 g 
100.0 ml 


Resuspend 

; cells to 40% 
>In of original 

uld vol 

37 C 


LT, dilute 
1 to 100 


gives 40 to 
45% LT 
(M640 

filter) 

to 10 dilu- 
ution of sus- 


Dist HO 


Micro inoculum broth 
(Difeo)t 


Lysine Leuconostoc None Same as above to 10 


uld mesentei 
oides strain 


pension gives 
ATCC 8042 


40 to 45% 
LT (M640 
filter) 

to 10 dilu- 
tion of sus- 


01 


an 

mix Panthenol Mannitol . 
Yeast extract 
Peptone.. 
Dist H.O. 


Acetobacte: 5.0 g 30 C 1X Same 


(shaker) 


s above 
suboxrydans 0.5 g 
0.3 g 


. 100.0 ml 


for : 
strain 


ATCC 621H 


pension 
gives 10 to 
15% LT 
olid (M580 
red. filter) 
ent Calcium pan-| Lactobacillus Micro inoculum broth s above to 10 dilu- 
tothenate (Difeo) | tion of sus- 
strain pension 
eral ATCC 8014 | | gives 40 to 
en- 45% LT 
(M640 
trol | filter) 
Riboflavin Lactobacillus Micro inoculum broth Same as above to 10 dilu- 
nth casei strain (Difeo) tion of sus- 
ear, ATCC 7469 pension 
‘ept gives 35 to 
Hod | 40% LT 
(M640 filter) 
.1 to 10 dilu- 
tion of sus- 
pension 
gives 40 to 
45% LT 
(M640 filter) 


ver 
ver 


arabinosus 
any 


Tetracyeline | Micrococcus Penassay seed agar 


(Difco) 


0.5 to 2 ml 
per L 


Same as above 
and chlor- 
tetracy- 


cline 


pyogenes 

var. aureus 
strain 

ATCC 6538 P 


a¢h- 
Zest 
nin) 


*LT = Light transmittance. 


+ Difeo Laboratories, Ine., Detroit, Michigan. 
i RT = Room temperature. 
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containing 5 per cent glycerine (Squires and Hartsell, 
1955). To determine if the stability of L. letchmannii 
could be improved, washed cells were frozen in several 
different suspending agents as follows: tryptose-saline; 
0.9 per cent saline; 1 per cent peptone water; and phos- 
phate buffer, pH 7.0; all containing 15 per cent glycerol 
(Howard, 1956). Nearly identical growth responses 
were obtained from all the suspensions over a 1-year 
period. However, tryptose-saline with 15 per cent glyc- 
erol gave a slightly better response and was chosen as 
the suspending agent for LZ. leichmannii. Since 15 per 


TABLE 2 
Solutions needed for preparation of frozen cultures 
Phosphate buffer pH 7.0 (m/15) 
Monopotassium phosphate KH2PO, 
Dipotassium phosphate K2:HPO, 
Distilled water q.s.... 


79.0 mg 
100.0 mg 
100.0 ml 


Phosphate buffer pH 7.0 with 15 per cent glycerol. 

To make buffer containing 15 per cent glycerol add 15 ml of 
glycerol to above ingredients and dilute to 100 ml with 
distilled water. 

Adjust pH, if necessary, to pH 7.0 + 0.1. 


Tryptose-saline (suspending medium for By, inoculum) 
Bacto-tryptose. .. eve 2.0¢g 
Sodium chloride. .... 0.5 ¢ 
Glycerol 15.0 ml 
100.0 ml 


Distilled water q.s.............. 
Adjust pH, if necessary, to pH 6.8 + 0.1. 
Sterilize all solutions at 121 C for 15 min. 
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Figure 1. Response of Lactobacillus leichmannii strain 
ATCC 7830 to vitamin B;»2 after storage at —40 C for several 
months. The control represents the growth response of the test 
organism before freezing. 


[voL. 7 
cent glycerol appeared to increase the stability oj} L, 
leichmannii it was used for all cultures in place of 5 per 
cent glycerol. 

Both Saccharomyces carlsbergensis (figure 3) and 
Acetobacter suboxydans (figure 5) showed consider:ble 
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Figure 2. Response of Streptococcus faecalis R strain ATCC 
8043 to folic acid after storage at —40 C for several months. 
The control represents the growth response of the test organ- 
ism before freezing. 
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Figure 3. Response of Saccharomyces carlsbergensis strain 
ATCC 9080 to inositol after storage at —40 C for several 
months. The control represents the growth response of the 
test organism before freezing. Regular inoculum is the inocu- 
lum prepared from a fresh 16- to 24-hr iest culture. 
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fluctuation in growth response. However, since the con- evident in those assays where commercially prepared 
trol (regular inoculum) responded in the same way, media were used (figures 1, 2, 4, and 6-8). 

these differences in growth response are probably the It is interesting to note that Streptococcus faecalis 
result of variations in the nutrient qualities of the labo- (figure 2) gave a greater growth response at the end of 
ratory prepared media. These fluctuations were not 1 year’s storage at —40 C than the original culture. 


10 C 10 


——— Control 
ane mmol Si a: 
Meosesel * 6 Mo. 
o—-—o 12 Mo. 


Control 
eee RS. 
X-----*% 6 Mo 
o—-—o |2 Mo. 


Percent Transmittance 
Percent Transmittance 











- - - - - ; - . ! | l l l L l 1 l l = 
0 30 60 9 120 150 180 210 240 270 360 0 02 04 06 08 10 12 14 16 18 20 


L-Lysine Concentration ~™ per Tube 





Calcium Pantothenate Concentration jug per Tube 


Figure 4. Response of Leuconostoc mesenteroides strain Figure 6. Response of Lactobacillus arabinosus strain ATCC 
ATCC 8042 to L-lysine after storage at —40 C for several 8014 to calcium pantothenate after storage at —40 C for sev- 
months. The control represents the growth response of the eral months. The control represents the growth response of the 
test organism before freezing. test organism before freezing. 
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a Figure 6. Response of Acetobacter suboxydans strain ATCC 

> the 621H to panthenol after storage at —40 C for several months. Figure 7. Response of Lactobacillus casei strain ATCC 7469 

sania, The control represents the growth response of the test organ- to riboflavin after storage at —40 C for several months. The 
ism before freezing. Regular inoculum is the inoculum prepared control represents the growth response of the test organism 
from a fresh 16- to 24-hr test culture. before freezing. 
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Sarcina lutea strain ATCC 9341 also exhibited an accel- 
erated growth rate after 3 months’ storage at —40 C. 
This increased growth rate was so pronounced that the 
amount of inoculum for assay was reduced by one-third. 
This effect may be the same as that reported by Squires 
and Hartsell (1955), who found that thawed cells of 
Escherichia coli grew at a much faster rate than the 
parent culture. This was believed to be due to the ac- 
cumulation of stimulating materials within the cell 
during frozen storage at —9 C. This delayed response 
for S. faecalis and S. lutea could well be the result of 
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Figure 8. Inhibitory response of Micrococcus pyogenes var+ 
aureus strain ATCC 6538P to tetracycline after storage —40 C 
for several months. The control represents the inhibitory re- 
sponse of the test organism before freezing. 
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the lower temperature of storage (—40 C) resultiiig jn 
a slower rate of assimilation of stimulating materials. 
No significant differences in assay results were jioted 
on comparing the frozen inoculum with the revular 
inoculum. With the exception of Lactobacillus case; 
(figure 7), all the organisms tested maintained a satis- 
factory assay response for 1 year or more (figures |-4, 
6, and 8). Further studies now in progress indicate that 
the test organisms may retain a satisfactory level of 
viability for as long as 2 years. 


SUMMARY 


The direct freezing of test organisms in an appropri- 
ate suspending agent has made it possible to keep test 
cultures on hand, ready for instant use. Test inoculum, 
frozen and stored at —40 C, maintained a satisfactory 
growth response for periods ranging from 6 months to 
1 year or more. 

Main advantages of this technique are: (a) Ability to 
run assays at any time without the necessity of prepar- 
ing daily inoculum or maintaining the sensitivity of test 
organisms. This would be a great advantage to those 
laboratories that do microbiological assays only ocea- 
sionally. (b) Standardization of assay responses. Day 
to day fluctuations in growth responses would be largely 
eliminated as well as invalid assays due to inoculum 
failure. 
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One of the fundamental taxonomic criteria of the 
genus Streptomyces is the formation of specialized aerial 
hyphae which produce chains of spores. By definition, 
members of the genus Nocardia usually do not produce 
aerial hyphae, and when aerial hyphae are formed, they 
are unspecialized and are asporogenous (Waksman and 
Henrici, 1943). In the laboratory, streptomycetes have 
been observed to lose the ability to produce aerial hy- 
phae. These “degenerate” streptomycetes can not be 
distinguished from nocardiae (Erikson, 1953). There- 
fore the axiom has been widely adopted that strepto- 
mycetes may be asporogenous but nocardiae are always 
asporogenous. Recently however, electron micrographs 
of aerial hyphae from Nocardia asteroides revealed 
chains of spores (Gordon and Mihm, 1958). 

This report confirms that NV. asteroides is sporogenous 
and presents evidence that other species of Nocardia 
produce spores. Sporogenesis by streptomycetes and 
nocardiae is compared. 


MATERIALS AND METHODS 


The strains of Nocardia and Streptomyces used in this 
investigation have been previously described (Bradley, 
1957; Bradley and Anderson, 1958a). Streptomyces 
griseus strain 8104 was obtained through the courtesy 
of Dr. Elizabeth McCoy, University of Wisconsin. The 
aerial mycelium of strain S104 is abundant, powdery, 
and olive-buff in color; the sporophores are straight and 
produced in tufts. There is no soluble pigment produced 
on nutrient agar; the vegetative mycelium is cream- 
colored. Strain 8104 liquefies gelatin, peptonizes milk, 
hydrolyzes starch, and produces the antibiotic strepto- 
mycin. The optimal temperature for growth is 30 C. 

Streptomyces coelicolor strain 516 was obtained from 
the Northern Regional Research Laboratory, U.S. 
Department of Agriculture, Peoria, Illinois, as strain 
NRRL-B-1257. The aerial mycelium of strain S16 is 
short-napped, powdery, and mouse-gray in color; the 
sporophores are spiraled. The vegetative mycelium is 
red to blue; the pigment is blue in alkaline substrates 
and red in acidic substrates. Strain $16 liquefies gelatin, 
hydrolyzes starch, and produces the antibiotic coeli- 
colorin. The optimal temperature for growth is 35 C. 
S. coelicolor strain S114 is an asporogenous variant of 


‘This investigation was supported in part by research 
grants E-1601(C-1) from the National Institute of Allergy and 
Infectious Diseases, Public Health Service, and from the 
Mcdieal Research Fund of the University of Minnesota. 





strain 816, which was obtained subsequent to ultra- 
violet irradiation. 

The strains of Nocardia were kindly supplied by 
Dr. Norman F. Conant, Duke University. N.. asteroides 
strain N300 forms waxy, folded, orange-colored colo- 
nies; scant tan-colored aerial mycelia develop on old 
colonies. Strain N300 does not liquefy gelatin, does not 
hydrolyze starch and does not coagulate milk; hyphae 
grown in milk are acid-fast. Strain N300 is pathogenic 
for the mouse when injected intraperitoneally, with 5 
per cent gastric mucin as an adjuvant. The optimal 
temperature for growth is 35 C. 

Nocardia brasiliensis strain N301 forms waxy, folded, 
orange-colored colonies which quickly develop extensive 
short-napped aerial mycelia. Strain N301 liquefies gela- 
tin, hydrolyzes starch slowly, and coagulates milk; 
hyphae grown in milk are acid-fast. The optimal tem- 
perature for growth is 35 C. 

The colonies of Nocardia madurae strain N302 are 
waxy, smooth, cream-colored and without any indica- 
tion of aerial mycelia. Strain N302 does not liquefy 
gelatin or coagulate milk; hyphae grown in milk are 
not acid-fast. The optimal temperature for growth is 
351. 

The colonies of Nocardia paraguayensis strain N303 
are glabrous, dark cream to gray in color, with secant 
white aerial mycelia which are formed only at the pe- 
riphery of old colonies. Strain N303 liquefies gelatin, 
coagulates milk, and is not acid-fast. The optimal tem- 
perature for growth is 35 C. 

The media used in this investigation included a modi- 
fied Sabouraud’s agar, a modified Czapek’s agar, and a 
complex medium. The modified Sabouraud’s agar was 
composed of glucose, 20 g; peptone (Difeo),? 10 g; agar 
(Difco), 20 g; deionized water, 1 L. The modified Cza- 
pek’s agar contained glucose, 20 g; yeast extract (Dif- 
co), 2 g; NaNQOs, 2 g; KeHPOs, 2 g; MgSO,-7H,0, 0.5 
g; agar (Difco), 15 g; deionized water, 1 L. The com- 
plex medium was composed of glucose, | g; peptone 
(Difco), 5 g; yeast extract (Difco), 3 g; beef extract 
(Armour),*? 2 g; Casamino acids (Difeo), 1 g; agar 
(Difeo), 15 g; deionized water, 1 L. The results reported 
herein were essentially the same irrespective of the 
medium employed. Moreover, stocks which were main- 
tained in continuous culture on these media behaved 
identically to those which had been lyophilized. 


2 Difco Laboratories, Inc., Detroit, Michigan. 
3 Armour and Co., Chemical Division, Chicago, Illinois. 
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The photomicrographs presented here show 3-week- 
old cultures which were grown on modified Czapek’s 
agar. Small colonies, grown on agar, were photographed 
in situ at a magnification of 200. Preparations of 
aerial hyphae were obtained by gently pressing a slide 
against the surface of a colony. These slides were ob- 
served and photographed at a magnification of 2000 
as unstained preparations using dark phase contrast or 
as stained preparations. The staining techniques em- 
ployed were (1) Gram’s stain, (2) Congo red negative 
stain, and (3) nigrosin stain (Conn et al., 1957). 


RESULTS 

S. coelicolor strain S816 and S. griseus strain S104 
grew rapidly, producing abundant sporulating aerial 
hyphae within 2 days (figures 1 to 4). S. coelicolor 
strain $114, an asporogenous variant of strain S16, 
grew slowly and did not produce aerial hyphae, even 
after 6 weeks (figures 5 and 6). Similarly, NV. madurae 
did not produce aerial hyphae or spores (figures 15 and 
16). Contrariwise, NV. brasiliensis produced extensive 
aerial growth within 3 days and sporulated after 7 days 
(figures 7 to 9). N. paraguayensis did not form aerial 
hyphae until the second week of incubation, and then 
aerial hyphae developed only at the periphery of the 
colony (figures 13 and 14). Spore formation by \. para- 
guayensis is quite irregular. N. asteroides produced 
aerial hyphae after 1 week of incubation and sporula- 
tion occurred somewhat later (figures 10 to 12). N. as- 
teroides regularly produced infrequent chains of spores, 
contrasted to NV. brasiliensis which consistently sporu- 
lated extensively. 

The mechanism of sporogenesis seemed to be identical 
for nocardiae and streptomycetes. The aerial hyphae 
were twice the diameter of the vegetative hyphae, and 
initially there were few or no cross walls. Next, cross 
walls formed at regular intervals in the aerial hyphae 
(Gregory, 1956), followed by contraction of the proto- 
plasm into refractile units, first at the tips of the aerial 
hyphae and then progressively toward the base. The 
collapsed residual lateral walls of the aerial hyphae 
could be seen between the maturing spores. Later when 
this “sheath” disappeared, the chains of spores would 
fragment readily thereby releasing their individual 
elements. 

Discussion 

In view of the vast discrepancies, which are fre- 
quently encountered, between the characteristics of cul- 
tures labeled with species designations and the accepted 
descriptions of these species (Gordon and Mihm, 1957), 
it is necessary to consider the validity of the strains 
used in this study. S. griseus strain 8104 not only closely 
matches the accepted description with respect to mor- 
phology and biochemical tests, but produces strepto- 


mycin as well (Waksman and Lechevalier, 153), 
S. coelicolor strain $16 is correctly identified, according 
to similar criteria. N. asteroides strain N300 and N. 
madurae strain N302 closely resemble the descriptions 
given by Waksman (1957). N. paraguayensis strain 
N303 and N. brasiliensis strain N301 are not recognized 
by Waksman (1957), however these strains are nearly 
identical with the descriptions given by Conant c? al, 
(1954). Beeause N. brasiliensis strain N301 and N. 
asteroides strain N300 are acid-fast, there is little doubt 
as to the nocardial nature of these organisms. The fact 
that strain N300 is pathogenic for the mouse corrobo- 
rates the diagnosis of this strain as N. asteroides. 

It is now apparent that sporulation is not unique to 
the genus Streptomyces. Furthermore the mechanism of 
sporogenesis within aerial hyphae of streptomycetes and 
nocardiae seems to be identical. The close biological 
affinities of the nocardiae and streptomycetes are also 
manifested by cross-susceptibility to bacteriophages 
(Bradley and Anderson, 1958b). 

However, the delimitation of the genera Nocardia 
and Streptomyces is also based upon mycelial fragmen- 
tation. Because the term mycelium has not been ade- 
quately defined, the usefulness of this characteristic is 
limited (Umbreit, 1939). Moreover, McClung (1954) 
points out that members of the genus Nocardia con- 
stitute a continuous series ranging from those which 
fragment immediately to those which have never been 
observed to undergo fragmentation. Although more 
study is required on this aspect of the life histories of 
these organisms, it should be noted that there is re- 
markable similarity between coccoid formation in 
Nocardia corallina (Webb and Clark, 1957) and spor- 
ulation in submerged culture by S. griseus (Wilkin and 
Rhodes, 1955). 

Even though the [nternational Bacteriological Code 
of Nomenclature (Buchanan et al., 1948) permits each 
taxonomist to evolve and apply his own definition of 
a genus, the definition of a genus should show natural 
affinities and aid in the correct identification of the 
organisms (Buchanan, 1957). The present status of the 
taxons Nocardia and Streptomyces may not. reflect 
biological affinities and certainly does not aid in the 
identification of the group (Jensen, 1953), therefore the 
taxonomic validity of these two genera must be re- 
evaluated. Lacaz (1956) has already placed N. madurae, 
N. paraguayensis, N. brasiliensis, S. griseus and S. 
coelicolor in the same genus (Actinomyces of Lacaz = 
Streptomyces of Waksman and Henrici) but has re- 
tained N. asteroides in a separate genus (Proactinomyces 
of Lacaz = Nocardia of Waksman and Henrici). The 
synonomy which was used above, and which illustrates 
the complex semantic problems confronting actinomy- 
cete classification, has been amply discussed by Baldacci 
et al. (1953). 
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Figure 1. Colony of Streptomyces griseus showing abundant aerial hyphae. 178 X. 

Figure 2. Aerial hyphae of Streptomyces griseus, as seen with dark phase contrast, showing mature spores. 1780 X. 

Figure 3. Colony of Streptomyces coelicolor strain $16 showing aerial hyphae. 178 X. 

Figure 4. Aerial hyphae of Streptomyces coelicolor st rain $16, stained by Gram’s method, showing spores. 1780 X. 

Figure 5. Colony of Streptomyces coelicolor strain S114 showing only vegetative mycelium. 178 X. 

Figure 6. Vegetative hyphae of Streptomyces coelicolor strain S114, as seen with dark phase contrast. Note that the diameter of 
vegetative hyphae is only half the diameter of aerial hyphae. 1780 X. 

Figure 7. Colony of Nocardia brasiliensis showing abundant aerial hyphae. 178 X. 

Figure 8. Aerial hyphae of Nocardia brasiliensis, as seen with dark phase contrast, showing spores. 1780 X. 


Figure 9. Aerial hyphae of Nocardia brasiliensis, prepared with Congo red negative stain, showing a distinct chain of spores. 
1780 X. 
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Figure 10. Colony of Nocardia asteroides showing aerial hyphae. 184 X. 
Figure 11. Aerial hyphae of Nocardia asteroides, as seen with dark phase contrast, showing spores. 1840 X. 

Figure 12. Aerial hyphae of Nocardia asteroides, prepared with nigrosin negative stain, showing distinct chains of spores. 1840 X. 
Figure 13. Colony of Nocardia paraguayensis showing aerial hyphae. 184 X. 
Figure 14. Aerial hyphae of Nocardia paraguayensis, stained by the Gram’s me 
Figure 16 
Fiqure 16 


thod, showing spores. 1840 x. 
. Colony of Nocardia madurae showing only vegetative mycelium. 184 X. 


. Vegetative hyphae of Nocardia madurae, stained by the Gram’s method. 1840 x. 
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SUMMARY 
Nocardia brasiliensis, Nocardia asteroides, and No- 
cardia paraguayensis have been shown to produce 
aerial hyphae bearing chains of spores. Sporogenesis 
in streptomycetes and nocardiae was found to be simi- 
lar. The validity of the taxons Nocardia and Strepto- 
myces is questioned. 
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Previous investigations (Barnett et al., 1956; Hessel- 
tine and Anderson, 1957; Anderson et al., 1957, 1958)* 
have shown that the culturing together of appropriate 
heterothallic strains of fungi belonging to the Choane- 
phoraceae results in yields of carotene higher than those 
given by the same organisms cultured separately. 
Maximal yields of approximately 13 mg of carotene per 
100 ml of fermentation medium were reported (Ander- 
son et al., 1958). The increase in yield occurred whether 
mating was accomplished intraspecifically, that is, be- 
tween strains of the same species, or interspecifically, 
that is, between strains of different species. Anderson et al. 
(1957, 1958) also demonstrated that the addition of vege- 
table oils, 8-ionone, and a nonionic detergent singly or in 
various combinations to a medium containing acid- 
hydrolyzed corn further enhanced carotene production 
by the mated cultures. The question arose whether the 
use of grains, other than corn, alone and in various com- 
binations, would influence the production of carotene 
by mated cultures either qualitatively or quantitatively. 


MATERIALS AND METHODS 


Cultures. Two strains of Blakeslea trispora, strain 
NRRL 2456 (+ mating type) and strain NRRL 2457 
( — mating type), were selected for further investiga- 
tion on the basis of preliminary screening. Working 
stock cultures were maintained on a medium previously 
described (Anderson ef al., 1958). Monthly transfers of 
vegetative growth were required to maintain viability 
because of inadequate formation of sporangiospores. 
Such cultures remained more vigorous when maintained 
at room temperature than when stored under refrigera- 
tion. Permanent stock cultures of these strains are 
maintained in lyophilized form. 

Fermentation. The entire growth from one 5- to 6-day- 
old agar slant of either mating type was used to inocu- 
late a Fernbach flask containing 500 ml of the following 
medium: Ground whole corn (acid-hydrolyzed in 0.2 ~ 


1 Presented in part at the 58th General Meeting of the Soci- 
ety of American Bacteriologists, Chicago, Illinois, April 27 to 
May 1, 1958. 

2 Agricultural Research Service, U.S. Department of Agri- 
culture. 

3 Anderson et al., 1958, is paper III of this series. 


H.SO,), 7.5 per cent; Difeo Casamino Acids,‘ 0.2 per 
cent; anhydrous KH»2PO,, 0.05 per cent; corn steep 
liquor, 5 ml per L; thiamin hydrochloride, 1.0 mg per 
L; NaOH to pH 6.2; distilled water. The flasks were 
sterilized 25 min at 121 C (15 psi). After inoculation 
the flasks were incubated 2 days at 28 C on a rotary 
shaker operating at 200 rpm with an eccentric radius 
of 2 in. The ensuing growth appeared as finely dispersed 
pellets. 

Equal volumes of the two mating types were pooled 
and 10-ml aliquots of the mixture used to inoculate 
100 ml of the following production medium contained 
in 500-ml Erlenmeyer flasks: Hydrolyzed or unhy- 
drolyzed grain, 7.5 per cent unless otherwise indicated; 
anhydrous KH:PO,, 0.05 per cent; thiamin hydro- 
chloride, 1 mg per L; nonionic detergent (Triton 
X-100°) 0.12 per cent; NaOH to pH 6.2; distilled water. 
Two ml of soybean and 2 ml of cottonseed oil were 
added to each flask and the flasks were sterilized for 
20 min at 121 C. One-tenth ml of sterile B-ionone was 
added to each flask 2 days after initiation of the fer- 
mentation. 

After incubation for 6 days at 28 C on the rotary 
shaker, the flasks were steamed 10 to 15 min at 100 C 
to prevent enzymatic decomposition of the carotene. 
Solids were recovered by filtration and dried in a vac- 
uum oven at 50 to 55 C for approximately 16 to 20 hr. 
The methods employed for qualitative and quantitative 
determination of the carotene present within the dried 
solids are presented in detail elsewhere (Anderson et al., 
1958). 


RESULTS AND DIscuSsSION 


Single grains. Various grains and soybean products, 
either unhydrolyzed or acid-hydrolyzed, were incor- 
porated into the fermentation medium to serve as the 
source of both carbon and nitrogen. Representative 
data in table 1 show that the grains influenced the 
production of carotene and growth to different degrees. 
The use of acid-hydrolyzed hexane-extracted soybean 
oil meal resulted in the highest yields of carotene with 


‘ The mention of products does not imply endorsement over 
others of a similar nature. 
> Rohm and Haas Co., Philadelphia, Pennsylvania. 
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regard to both concentration in the dry solids and 
over-all yield per flask. The soybean oil meal consist- 
ently gave higher yields of carotene than did the ground 
whole soya suggesting that the process of extraction 
favorably alters the meal. The use of hydrolyzed oats 
and wheat gave increased yields of carotene over those 
obtained with the corresponding unhydrolyzed mate- 
rials, Whereas opposite results were obtained with the 
other four grains. B. trispora showed no ability to hy- 
drolyze starch on agar plates but, of course, in these 
experiments could use the vegetable oil as its source of 

“arbon and energy. 

The high yields of carotene resulting from the use 
of hexane-extracted soybean oil meal suggested in- 
vestigation of soybean oil meals processed by other 
means. Table 2 shows that the variously prepared 


TABLE 1 


Effect of grains and hydrolyzed grains on carotene synthesis 


Mycelium Dry | Carotene Yield | «4000 wi. 
Weight per 100 | per g Dry | Carotene Yield 
ml f Weight sical = 
Grain or Soya Substrate 


Unhy- y- Unhy- Hy- Unhy- Hy- 

dro dro- dro- dro- dro- 

lyzed yze lyzed | lyzed lyzed | lyzed 

g : ug Msg Mg ug 
Whole soya, ground.. 6.07 5. 2960 5760 | 17970) 31160 
Soybean oil meal* 5.09 | 4.46 | 1120 | 8200 | 6820) 36400 

Soybean whey 3.72 4400 - 16400) - 
Oats .. 64 | 8. 800 | 3500 6060) 17740 
Wheat... 4.58 .75 2200 » 2800 | 10120) 13300 
Barley ear er ). 3.§ 1040 | 1600 6740, 6250 
Corn nS Mere 3 a 4500 1720 | 19350) 5240 
Rice serhameany. 58 ) 3.26 1840 1440 | 11330) 4740 
ve , ne ). e 1920 840 | 12480) 3640 


* Hexane-extracted. 

Production medium, amounts per L: Grain or soybean meal, 
75 g; anhydrous KH2PQO,, 0.5 g; thiamin hydrochloride, 1.0 
mg; vegetable oils, 40 ml; nonionic detergent, 1.2 ml; pH 6.2; 
0.1 ml B-ionone added to each flask after 2 davs of fermenta- 
tion. 


TABLE 2 
Effects of variously prepared soybean oil meals on carotene yields 
Mycelium Carotene Carotene 


Weight (Dry) Yield per g Yield per 
per 100ml | Dry Weight 100 ml 


Soybean Product 


§ ug Mg 

Whole soya....... 5.6 5335 30250 
Hexane extracted meal 5. 7385 42550 
Staley’s 4-S 4. 6600 31100 
Expeller meal... .. ; 5225 27150 
Atmospheric solvent meal 5. 5300 26600 
Pressure-cooked solvent meal : 4710 22700 
Trichloroethylene-extracted 

meal... 4.3: 3600 15650 


Production medium, amounts per L: Acid-hydrolyzed soy- 
bean product, 70 g; KHePOx,, 0.5 g; thiamin hydrochloride, 1.0 
mg; vegetable oils, 40 ml; nonionic detergent, 1.2 ml; pH 6.2; 
0.1 ml B-ionone added to each flask after 2 days of fermenta- 
tion. 


meals were not equally efficacious in promoting carotene 
production; hexane-extracted meal proved superior to 
the other soybean oil meals tested. 

Varying concentrations of hexane-extracted soybean 
oil meal were tested. The data are presented in table 3. 
There is little difference in total carotene production 
when the soybean oil meal concentration is varied from 
3 to 10 per cent, although there is considerable vari- 
ation in growth as measured by dry weight of solids. 

Combination of grains. Addition of various acid- 
hydrolyzed grains in combination with hydrolyzed 
hexane-extracted soybean oil meal (equal parts by 
weight) usually resulted in yields of carotene inter- 
mediate between those obtained with the meal or grain 
alone (table 4). Increasing the ratio of soybean oil 
meal to grain, for example, corn, resulted in increased 
yields of carotene (table 5); the best yields resulted from 
the use of soybean oil meal alone. 

The utilization of nitrogenous compounds derived 
primarily from animal sources in combination with 
corn resulted in comparatively poor growth and low 
yields of carotene (table 6). Addition of inorganic 
ammonium gave an increased yield of dried solids but 


TABLE 3 
Effect of varying concentrations of acid-hydrolyzed soybean oil 
meal on carotene synthesis 


Soybean Oil 
Meal* (Dry) per 100 ml 


Mycelium Weight | Carotene Yield per Carotene Yield per 


g Dry Weight 100 ml 


& us ug 
3.80 4535 17200 
3.62 9800 35400 
5.20 5950 31000 
5.57 6100 35350 
6.03 6120 36850 


or Ww 


— 


* Hexane-extracted. 
Production medium: As noted in tab!e 2 except for varying 
concentrations of soybean oil meal. 


TABLE 4 


Effect of soybean meal plus various grains on carolene yields 


Soybean Meal Plus | Mycelium Weight | Carotene Yield 


e Carotene Yield 
the Following Grains | (Dry) per 100 ml | per g Dry Weight 


per 100 ml 
g ug 
Contral®....... .O4 5000 20000 
Wheat .42 | 6400 28290 
| eee: .59 4000 18400 
Oats... 13 3280 16830 
ee «23 3040 15900 
Barley 04 3120 12600 
ee... 3.80 2080 7900 





Production medium, amounts per L: 37.5 g each of acid- 
hydrolyzed soybean meal and acid-hydrolyzed grain; KH2PO,, 
0.5 g; thiamin hydrochloride, 1.0 mg; soybean oil, 20 ml; cot- 
tonseed oil, 20 ml; nonionic detergent, 1.2 ml; pH, 6.2; after 2 
days of fermentation, 0.1 ml 8-ionone added to each flask. 

* Production medium without added grain was used in 
control fermentation. 
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was inimical to carotene synthesis. These data em- 
phasize the complex function of soybean oil meal in 
the promotion of carotene synthesis. 

Effect of carbohydrates. Because the source of carbon 
in the fermentations conducted with grain substrates 
was starch or completely hydrolyzed starch (glucose), 
it was desirable to determine what effects some other 
sarbohydrates might have on carotene production by 
B. trispora. The medium used in these experiments con- 
tained 5 per cent carbohydrate and 0.2 per cent acid- 
hydrolyzed casein instead of the usual grain compo- 
nents. The results (table 7) show that among the various 
‘carbohydrates tested, dextrin and sucrose gave the 
highest carotene yields. However, addition of these 
carbon sources to a medium containing soybean oil 
meal did not materially change the yields of carotene 
previously realized. 

Composition of pigments. The carotenoid compounds 
in the dried solids obtained from fermenting the various 
grains, alone and in various combinations, were sepa- 
rated on MgO: Celite (1:1 by weight) chromatographic 


TABLE 5 
Effect of varying the ratio of soybean meal to corn on carotene 


production 


Weight Ratio of 
Soya to Corn 


Mycelium Weight 
per 100 ml 


Carotene Yield 
per g Dry Weight 


Carotene Yield 
per 100 ml 
g us ug 
94 7300 35770 
94 6500 32210 
AT 4300 19350 
.23 3040 15900 
3.87 3100 12090 


or or 


3.4/a. 
/ 


os 


3/4. 


Production medium, amounts per L: Hydrolyzed soya and 
corn, 75 g; KH.POs,, 0.5 g; thiamin hydrochloride, 1.0 g; soy- 
bean oil, 20 ml; cottonseed oil, 20 ml; nonionic detergent, 1.2 
ml; pH 6.2. 


TABLE 6 
Effect of various nitrogenous compounds on carotene production 


Mycelium Carotene Yield 
Weight (Dry) per g Dry 
per 100 ml Weight 


Carotene Yield 


= ee 
Nitrogen Source per 100 ml 


ME ug 
1760 5100 
2720 8260 
2240 6240 
1920 4750 
32 2040 4730 
88 1200 3460 
87 1200 3440 
36 250 1090 


Control*. . 
Tryptone.... 

Beef extract. . 
Casamino acids 
Peptone. . Bae 
Skimmed milk, dried 
Peptonized milk... ... 
Ammonium sulfate 


to 


Nw 


e Do tS ht bo 


Production medium, a’ac nts per L: 70 g acid hydrolyzed 
corn; additional nitrogen sour. 30 g; KHePO,, 0.5 g; thiamin 
hydrochloride, 1.0 mg; soybean oil, 20 ml; cottonseed oil, 20 
ml; nonionic detergent, 1.2 ml; pH 6.2; 0.1 ml 8-ionone added 
to each flask after 2 days of fermentation. 

* Production medium without the additional nitrogen 
source was used in the control fermentation. 
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columns. Analyses showed that the major com) onenj 
was all-trans-6-carotene which constituted approyi- 
mately 95 per cent of the total carotenoids present. 
This component was identified by analytical procedures 
described in detail elsewhere (Anderson ef al., |958). 
The fraction remaining was composed of seve. pig. 
ments whose colors and absorption maxima are listed 
in table 8. No further identification of these pigments 
was attempted. 

Time course of carotene production. The time course 
of carotene production by mated cultures is seen jn 
table 9. When nonmated inocula were used, an initial 
lag of 2 days occurred prior to the start of intense pro- 
duction of carotene. This period corresponded to the 
time required for the mated cultures to reach near 
maximum growth. Similar diphasic phenomena haye 
been observed for other fermentations (Ferguson et al., 
1957). The pH dropped slightly on the first day of incu- 
bation to 5.9 and then rapidly climbed to 7.1 by the 
third day. The pH then gradually fell, reaching 6.3 by 
the sixth day. Maximal production of carotene was 
attained after incubation for 5 to 6 days. 


TABLE 7 
Effect of various carbohydrates on carotene production by 
Blakeslea trispora 
Mycelium 
Weight (Dry) 
per 100 ml 


so Carotene Yield 


Carbohydrate Woeht per 100 ml 


Ms ug 
2380 6415 
1840 6020 
1570 4665 
14 1455 3165 
53 1940 2970 
.25 545 1770 


to 


Sucrose 
Dextrin 
Fructose 
Starch 
Glucose 


Maltose 


w 


wom i 


Production medium, amounts per L: Carbohydrate, 50 g; 
acid-hydrolyzed casein, 2 g; KH.PO,, 0.5 g; thiamin hydro- 
chloride, 1.0 mg; agar, 3.0 g; vegetable oil, 40 ml; nonionic 
detergent, 1.2 ml; pH 6.2; 0.1 ml of B-ionone added to each 
flask after 2 days of fermentation. 


TABLE 8 


Absorption spectra in pentane-hexane of carotenoid pigments 
produced by mated cultures of Blakeslea trispora 


Column Band* Color \ Max 

Buff Indefinite 
Orange 427, 448, 468 
Pink 435, 438, 487 
Yellow 405, 425, 440 
Pink 435 
Orange 403, 425, 448 
Yellow 401, 425, 450 
Orange 425, 448, 475 


_ 


S ort W tO 


oo 


* Bands are listed in order (top to bottom) of separation 
on a MgQ:Celite column. Band 8 has been identified as all- 
trans-8-carotene. 


1959} 


Th 
seque 
jnvol 
atter 
by ul 
were 
were 
ment 
ing. “ 
inocu 
conc( 
again 
medi 
day 
final 
in 5 
attai 
consi 

TI 
deter 
chro! 
the « 
stant 
being 

M 
(Anc 
mati 
were 
blac! 
of tl 
yello 
trate 
have 


Effec 


Incub: 





50 g; 


vdro- 


ionic 


i 


ration 


all- 


is 


each 


vents 


1959} 


The initial lag in synthesis of carotene and its sub- 
sequent rapid production suggest that the enzymes 
involved in synthesis were adaptive in nature. An 
attempt was made to circumvent the delay in synthesis 
by utilizing premated inocula. The two mating types 
were grown separately as previously described; they 
were paired 3 days prior to their use as inocula for fer- 
mentation. B-[onone was added 2 days after the pair- 
ing. The results are reported in table 9. When premated 
inocula were used, intense carotene production occurred 
concomitantly with growth. Maximal growth was 
again attained in 3 days (5.9 g dry solids per 100 ml 
medium). There was a rapid rise in pH to 6.9 after 1 
day of incubation followed by a slow decline to the 
final pH of 6.3. Maximal yields of carotene were realized 
in 5 days. The slight increase of yields of carotene 
attained by the use of the premated inoculum is not 
considered significant. 

The carotene composition in the dried solids was 
determined for each day of the fermentation by column 
chromatography. The ratio of all-trans-6-carotene to 
the other pigments present appeared to remain con- 
stant throughout the fermentation, all-trans-6-carotene 
being the predominant pigment. 

Microscopic observations. Preliminary observations 
(Anderson et al., 1958) showed that when the two 
mating types, B. trispora 2456 and B. trispora 2457, 
were paired on potato-dextrose-agar medium, a narrow, 
black band of zygospores was formed at the interface 
of the two cultures. The mycelia in this area became 
yellow; the carotene appeared to be mostly concen- 
trated in the zygospore suspensors. Barnett et al. (1956) 
have shown that carotene production could be en- 


TABLE 9 
Effect of the type of inoculum on the time course of carotene pro- 
duction 
Carotene Carotene 


Yield per g | Yield per 100 
Dry Solids ml 


Mycelium 
Weight 
per 100 ml 


Time of Inoculum 


Incubation) Mating 


days g Mg ug 


50 220 853 
.02 615 3045 
.66 2305 13050 
51 5340 29325 
98 5850 28675 
84 6590 31725 
.20 6250 27250 


Start ofgfermen 
tation 


1 or ore 


ee te 


Previous to start .70 1120 5430 
of fermentation 5.35 2267 12490 
5.91 3789 22350 

5.45 5012 27215 

5.25 6252 32890 

5.21 5600 28530 


Production medium, amounts per L: Acid-hydrolyzed 
soybean meal, 47 g; acid-hydrolyzed corn, 23 g; KH.PO,, 
0.5 g; thiamin hydrochloride, 1 mg; Triton X-100, 1.2 ml; 
vegetable oils, 40 ml; distilled water; pH, 6.2. 
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hanced without zygospore formation by growing the 
two mating types on opposite sides of a Cellophane 
membrane. Zygospore formation was not observed to 
occur in our shaken-flask cultures. This indicates fur- 
ther that successful or complete mating is not necessary 
for the stimulation of carotene synthesis. The mycelial 
growth in shaken-flask culture was extremely distorted; 
large irregular swelling occurred at frequent intervals. 
The pigment within the mycelia appeared to be homo- 
geneously dispersed, possibly as a result of the high 
concentration of fatty material within the vegetative 
growth. However, precipitated red crystalline appearing 
bodies that resembled carotene were occasionally seen 
within the mycelia. 

Feed stuff analyses. The dried solids obtained from 
fermenting a medium which contained 4.7 per cent 
acid-hydrolyzed soybean oil meal and 2.3 per cent acid- 
hydrolyzed corn were analyzed according to the meth- 
ods of the Association of Official Agricultural Chemists 
(1950). The following results were obtained: Moisture, 
7.1 per cent; ash, 2.5 per cent; fat, 15.1 per cent; total 
nitrogen, 3.4 per cent. Biological assays with rats indi- 
‘cated that the 6-carotene within the dried solids was 
available as a precursor of vitamin A. 


SUMMARY 


The influence of various soybean products and grains, 
alone and in various combinations, on the synthesis of 
B-carotene by paired cultures of + and — strains of 
Blakeslea trispora was investigated. The highest yields 
of carotene were obtained when hexane-extracted soy- 
bean oil meal was used as the basic nutrient. Between 
35 and 40 mg of carotene were obtained per 100 ml of 
fermentation medium. Approximately 95 per cent of 
the total carotenes present was _ all-trans-8-carotene. 
The ratios of the pigments present in the dried solids 
obtained from the fermentation of various other grains 
remained comparatively constant. Maximal yields of 
‘arotene were realized by the fifth day of incubation 
although the 2-day lag which normally preceded caro- 
tene synthesis could be circumvented by the utilization 
of premated cultures for inocula. This technique, how- 
ever, did not shorten the period of incubation required 
to attain maximal synthesis of carotene. Microscopie 
observations indicated that mating, as defined by 
zygospore formation, did not occur in shaken-flask 
cultures but that the presence of the two opposite 
mating types was mutually stimulating for carotene 
synthesis. 
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Preliminary investigation by Anderson and his co- 
workers (1957, 1958)* on the effects of various adjuncts 
on carotene synthesis by mated cultures belonging to 
the family Choanephoraceae revealed that the addition 
of vegetable oil to the fermentation medium greatly 
enhanced carotene production. Brock (1956) and Me- 
Carthy et al. (1955) noted that the addition of various 
oils and fatty acids to the medium stimulated the fer- 
mentative production of filipin and fungichromin. Both 
these antibiotics are polyenes as also is carotene. Yields 
of riboflavin (Rudert, 1945; Phelps, 1949) and penicillin 
(Goldschmidt and Koffler, 1950) were also enhanced 
by the addition of lipids to the fermentation media. It 
was therefore desirable to extend our study of the effect 
of fats on microbiological production of carotene, and 
to investigate the effects of various fatty acids, deter- 
gents, and both 8- and a-ionone. 


MATERIALS AND METHODS 


Two strains of Blakeslea trispora, NRRL 2456 (+ 
mating type) and NRRL 2457 (— mating type), were 
utilized for all experiments. The two strains were main- 
tained individually on potato dextrose agar (PDA) at 
room temperature; transfers were made once a month. 

For fermentation purposes the entire growth scraped 
from one 5- to 6-day-old PDA slant of either mating 
type was transferred to an Erlenmeyer flask containing 
100 ml of the following medium: Acid-hydrolyzed 
corn, 2.3 per cent; acid-hydrolyzed soybean meal, 4.7 


1 Presented in part at the 58th General Meeting of the 
Society of American Bacteriologists, Chicago, Illinois, April 
27 to May 1, 1958. 

2 Agricultural Research Service, U.S. Department of Agri- 
culture. 

3 Anderson et al., 1958, is paper III of this series. 


per cent; KH:POx,, 0.05 per cent; thiamin hydrochlo- 
ride, 1.0 mg per L; NaOH to pH 6.2. Flasks were steri- 
lized 25 min at 121 C (15 psi) and, after inoculation, 
were incubated 2 days at 28 C on arotary shaker operat- 
ing at 200 rpm with an eccentric radius of 2 in. Two 
flasks, one of each mating type, were then combined 
in a sterile micro Waring Blendor* cup and macerated 
for 5 sec. A 10-ml aliquot of the homogenate was used 
to inoculate each 100 ml of fermentation medium. 
This medium had the same composition as that used 
for the production of the inoculum but in addition con- 
tained 0.12 per cent nonionic detergent (Triton X-100)°; 
various oils or related substances were also added as 
noted. One-tenth ml of sterile B-ionone was added to 
each flask 2 days after initiation of the fermentation. 
The flasks were harvested and analyzed after 6 days 
of incubation by methods described in a previous pub- 
lication (Anderson et al., 1958). 


RESULTS AND Discussion 


Effect of natural oils. A large variety of natural oils 
and fats were incorporated into the fermentation me- 
dium to determine their effect upon carotene production 
by the mated strains of B. trispora. Representative 
data are shown in table 1. All the oils used, with the 
exception of perilla oil, greatly stimulated carotene 
production. There was also a remarkable increase in 
the amount of dry solids obtained from the fermentation 
when various lipids were added. 

Oils and fats which contain large amounts of oleic 
and linoleic acids, for example, cottonseed and soybean 
oil, and white or brown grease, were more effective in 


* The mention of products does not imply endorsement over 
others of similar nature. 
5 Rohm and Haas Co., Philadelphia, Pennsylvania. 
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stimulating carotene synthesis than were oils such as 
tung, perilla, and linseed which contain a high per- 
centage of fatty acids with three double bonds. Castor 
oil, which has 89 per cent ricinoleic acid, also gave com- 
paratively poor enhancement of carotene production. 
Use of partly hydrogenated cottonseed oil resulted in 
decreased concentration of carotene in the dried solids 
but did not substantially lower the total yield. 

The effect of various concentrations of choice white 
grease on carotene production was ascertained. Data 
in table 2 show that the yield of dry solids was roughly 
proportional to the concentration and that the maximal 
synthesis of carotene was attained with 4 per cent 


grease. 
TABLE 1 
Effect of natural oils and fats on carotene production 


Mycelium Carotene Carotene 
Lipid Weight (Dry) Yield per g Yield per 
per 100 ml | Dry Weight 100 ml 


g ug ug 

Control*. . 1.42 108 155 
White grease (choice) 4.75 8,530 40,500 
Tobacco seed oil 5.88 6,400 37 ,600 
Brown grease 5.06 7,160 36, 200 
Safflower oil. . 5.53 6,175 34,200 
Cottonseed oil 4.89 6,960 33,800 
Sunflower oil . 4.57 7,400 33 ,800 


Commercial hydrogenated 


vegetable oil 5.59 5,850 32,800 
Soybean oil. . 5.25 6,060 31,750 
Corn oil 4.96 6,220 30,800 
Sesame oil 5.12 6,000 30,300 
Prime tallow. .. 4.97 6,065 30,100 
Peanut oil... 6.08 4,840 29 , 400 
Linseed oil... 5,12 4,660 23 ,800 
Rapeseed oil. . 4.13 4,920 20,100 
Lecithin fluid 5.34 2,340 12,000 
Castor oil...... 4.28 2,190 9,500 
Tung oil 4.69 1,440 6,750 
Coconut oil. . 5.61 750 4,200 
Perilla oil... . 5.21 100 520 


Medium, amounts per L: Acid-hydrolyzed corn, 23 g; acid- 
hydrolyzed soybean oil meal, 47 g; KH2PQO,, 0.5 g; thiamin 
hydrochloride, 1.0 mg; lipid, 40 ml; nonionic detergent, 1.2 
ml; pH, 6.2; 0.1 ml B-ionone added to each flask after 2 days of 
fermentation. 


* No lipid was added to the control medium. 
TABLE 2 
Effect of concentration of white grease on carotene production 


Per Cent 
Grease per 


las 


Mycelium Weight 
(Dry) per 100 ml 


Carotene Yield 
per g Dry Weight 


Carotene Yield 
per 100 ml 


g ug ug 


l 2.49 3,280 8,150 
2 3.34 7,850 26 , 500 
! 5.45 8,200 44,800 
6 6.72 5,500 36,850 
8 8.10 4,350 35, 150 


Medium: As noted in table 1 except for lipid concentration. 
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Effect of fatty acids and other compounds. The effect 
of individual fatty acids, alcohols, and other compounds 
on carotene synthesis is shown in table 3. Greatest 
stimulation was obtained from the addition of oleic 
acid and its derivatives or from a solution of unsatu- 
rated conjugated safflower fatty acids composed primarily 
of linoleic acid, thus confirming previous results ob- 
tained with the natural oils. In general, the addition 
of fatty acids, with the exception of the solutions of 
conjugated fatty acids, resulted in lower dry weight of 
mycelium than those obtained after supplementation 
with the natural oils. Stearic acid, tristearin, and tri- 
palmitin were ineffective although the low solubility of 
these compounds under our conditions make their 
proper evaluation difficult. 

Glycerol did not appreciably enhance carotene pro- 
duction. Fermentations with glycerol added produced 
approximately 1 mg of carotene per g of dry solids by 
the third day of incubation after which the carotene 
gradually disappeared. The addition of 1 per cent low 
molecular weight alcohol, methanol, ethanol, propanol, 
or butanol in cottonseed oil inhibited mold growth and 
also failed to increase the yield of carotene. Sodium 
acetate, acetic acid, and squalene, a triterpene, again 
proved to be toxic and were of no value as stimulants 
of carotene synthesis. The lack of stimulation by squal- 
ene is interesting in view of Bonner’s report (Bonner 
et al., 1946) that the synthesis of certain carotenoids by 
Rhodotorula rubra proceeds via the intermediate forma- 
tion of a tetraterpene, phytofluene. 

Addition of increasing concentrations of methyl 


TABLE 3 


Effect of fatty acids and related compounds on the production of 
carotene 





| Amount | Mycelium Carotene Carot 
of Com- | Weight | Yield per | y2h0tene 


Fatty Acid of Derivative pound | (Dry) per g Dry Yield per 


Added | 100ml | Weight | 100ml 
g/100 ml | g ug ug 
Conjugated safflower fatty 
MUGREDE OT io ohn Set cscere sh 4 4.14 | 8,800 | 36,400 
(CTA SS a ee 4 4.47 6,905 | 30,850 
Methyl oleate........... 4 4.22 | 5,960 | 25,200 
Dae ee | 2 3.46 6,060 | 21,000- 
Conjugated soybean fatty | | | 
eS eae + | 5.29 | 1,200 | 6,300 
Myristic acid....... 2. | -sess 1,200 | 4,060 
Methyl linolenate. . 2 3. ki 880 2,740 
Sanalenee 3655 .<0.c cohen 2 1.90 865 | 1,600 
Stearic acid... ....2:..2 2 4.13 236 975 
Palmitie acid: ........26.5] 2 2.62 300 | 785 
EGGORORS 255.55 oho 4 2.73 205 565 
Pripalmitins.. ..... 220+. 2 1.78 | 115 205 
EQUPIQ ACHES © oo. ooo oe xs 1 2.94 <100 - 
Tetradecanol-1 /...2...2.4.; 2 2-5) <100 | — 
Sodium acetate........... 1 2.43 <100 | — 


Medium: As noted in table 1 except for lipid concentration. 
* Approximate composition, 70 per cent linoleic acid. 
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oleate resulted in increased yields of 8-carotene (table 
4). Maximal yields of carotene were attained with the 
addition of 3 per cent methyl oleate; this level cor- 
responds approximately to the concentration of oleic 
acid found in 4 per cent soybean or cottonseed oil. It 
would thus appear that the oleic and linoleic acid por- 
tions of the vegetable oils used were primarily responsi- 
ble for the enhancement of carotene production by the 
mated cultures. Such specificity indicates that the in- 
creased yields of carotene obtained from the addition 
of certain oils and greases cannot be attributed solely 
to the high caloric value of these substances. A similar 
postulate was made by Brock (1956) in explaining the 
enhanced production of filipin which occurred when 
natural oils were added to the fermentation. 

Composition of the pigments within the dried my- 
celium obtained from the experiment utilizing the 
various lipids was determined on MgQ:Celite chroma- 
tographic columns. The various lipids did not qualita- 
tively influence the pigments synthesized; all-trans-6- 
‘arotene constituted approximately 95 per cent of the 
total carotenoids present. 

Effect of B-ionone. The two terminal moieties of the 
B-carotene molecule are composed essentially of 6- 
ionone. The yields obtained by adding various concen- 
trations of B-ionone to the medium as a precursor for 
8-carotene synthesis are reported in table 5. Carotene 
synthesis increases with increasing concentrations of 
B-ionone, although there is some concomitant decrease 


TABLE 4 
Effect of varying concentrations of methyl oleate on carotene 
production 


Methyl Mycelium Weight 


Carotene Yield per 
Oleate (Dry) per 100 ml i 


g Dry Weight 


Carotene Yield 
per 100 ml 
ug 
100 

2,000 4,500 

9, 205 18,900 

8,522 29 , 900 

5,925 25,300 


Medium: As noted in table 1 except for lipid concentration. 


TABLE 5 


Effect of B-ionone on the production of carotene* 


Mycelium Weight Carotene Yield 
(Dry) per 100 ml per g Dry Weight 


Carotene Yield 


6-Ionone per 100 ml 


ug/100 ml g ug ug 
0 ). 14 1,650 10,100 
9.4 9.49 1,550 10,050 
94 6.31 1,750 11,025 
940 5.84 3,360 19,750 
9,400 5.45 5,400 29, 400 
94,000 ).23 7,040 36,820 
188 ,000 .78 8,000 38,240 

Medium: As noted in table 1. 

* Four per cent cottonseed oil was added to each flask. 


VOL. 7 


in the dry solids obtained. There is little inerc:se jy 
sarotene synthesis at concentrations above 94,000 ug 
of B-ionone per 100 ml of medium and, from an economic 
standpoint, this amount of 6-ionone could be considered 
the maximal practical concentration. 

The time of adding B-ionone was found to be critical, 
Addition of this precursor at the beginning of the fer- 
mentation caused an approximate 1-day lag in initiation 
of growth, and also diminished the yields of B-carotene. 
Adding 8-ionone after 1 or 3 days of fermentation also 
resulted in lower yields of carotene. To obtain maximal 
stimulation, 8-ionone had to be added 2 days after 
inoculation of the flasks. 

The addition of 0.1 per cent a-ionone stimulated 
carotene production to the same extent as did 6-ionone 
(38.7 mg carotene per 100 ml of fermentation medium), 
The addition of a-ionone did not qualitatively influence 
the pigments produced. All-trans-6-carotene constituted 
approximately 95 per cent of the total carotenoids 
present; no a-carotene or dehydro-G-carotene was de- 
tected. Hence it appears that the configuration of the 
ionone ring of the adjuvant had little effect on the 
structure of the carotene produced. It could be assumed 
that the enhancing effect of a-ionone is indirect or that 
its molecule is split and only a fragment of it incorpo- 
rated into 6-carotene. Similar conclusions may be drawn 
from the data reported by MacKinney et al. (1953) and 
Engel et al. (1953). These investigators utilized 8-ionone 
labeled in position 9 or 6 and found that the B-carotene 
produced by Phycomyces blakesleanus was unlabeled. 

Effect of surface-active agents. Preliminary investiga- 
tion by Anderson et al. (1957, 1958) on the microbio- 
logical production of carotene revealed that addition 
of a nonionic surface-active agent, Triton X-100, favor- 
ably influenced the synthesis of carotene by mated 
cultures of B. trispora. The surface-active agent emulsi- 
fied the lipid thus making it more readily available to 
the organisms and it also promoted a dispersed growth 
of mycelium, a condition we have found necessary to 
obtain high yields of carotene. Other surface-active 
agents were substituted for Triton X-100 to determine 
whether there was any correlation between structure 
and function of these compounds. Representative data 
are shown in table 6. Water solubility and surface activ- 
ity of compounds in the Triton series, X-45 through 
OPE-30, are dependent upon the hydrophilic nature of 
ether linkages in the polyoxyethylene chain, rather than 
upon ionization as is the case in the ionic surface-active 
agents, Triton X-301, W-30, X-400, and Hyamine 1622. 
Increasing the length of the polyoxyethylene chain 
increases the water solubility of the surface-active 
agent. The best yields of carotene were obtained when 
nonionic agents were used that contained from 5 to 10 
ethoxy moieties in the polyoxyethylene side chain. 
Changing the hydrophobic residue of the nonionic 
agents from an octyl to a nonyl grouping, as occurs iD 
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the Igepal CO series,® did not alter the results. Lower 
total yields of carotene were obtained from the use of 
eationie and anionic surface-active agents. 


6 Antara Chemicals, New York, New York. 


TABLE 6 


Effect of various surface-active agents on carotene production 


Surface-Active Agent Myce- | ¢, pane 
lium Vie _ Carotene 
Weight Yield 
(Dry) 
Chemical descripton er 
100 ml 


Trade name 


Triton X-45 Octyl phenoxy 40,650 
polyethoxy eth- 
anol (OPPE) 
Triton X-114 | OPPE 5. 8,225 41,750 
Triton X-100 OPPE 5.15 | 8,500 | 48,750 
Triton X-102 | OPPE 4.6 6,625 32,800 
OPE-16 OPPE D. 5,960 30,000 
OPE-20 OPPE .85 | 6,325 | 30,700 
OPE-30 OPPE : .79 | 7,275 | 34,800 
Triton X-301 Na alkyl aryl .75 7,600 36,000 
polvether-SO, 
Na octyl - .89 | 6,900 | 33,700 
phenoxy alkyl 
SO; 
Stearyl di 2 heoee 9,050 | 30,200 
methylbenzyl- 
NH,Cl 
Diisobutyl — .78 , 6,600 31,600 
phenoxyethoxy- 
ethyl dimethyl 
benzyl- NH,Cl 
Sucrose dipalmi- 8,080 | 40,700 
tate 


Triton W-30 


Triton X-400 


Hyamine 1622 


Sucrodet t 


Medium, amounts per L: Acid-hydrolyzed corn, 23 g; acid- 
hydrolyzed soybean oil meal, 47 g; KH2PO,, 0.5 g; thiamin 
hydrochloride, 1.0 mg; choice white grease, 40 g; surface 
active agent, 1.2 g; pH, 6.2; 0.1 ml B-ionone added to each 
flask after 2 days of fermentation. 


*n refers to the number of ethoxy moieties in the polyoxy- 
ethylene side chain of the molecules. 
t Berkeley Chemical Co., Berkeley Heights, New Jersey. 


SUMMARY 


The synthesis of carotene by mated strains of Blakes- 
lea trispora was considerably enhanced by the addition 
of various natural oils and greases to the medium. Oils 
containing primarily oleic and linoleic acids were par- 
ticularly effective in stimulating 6-carotene production. 
Synthesis of carotene also was influenced favorably by 
adding 6- or a-ionone, and certain nonionic surface- 
active agents. 
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Aeration of some sort is frequently provided during 
laboratory cultivation of bacteria. Since metabolic 
responses and the nature of fermentation products may 
depend upon the amount of available oxygen (Pirt, 
1957), it is important to have some adequate measure 
of this variable. Finn (1954) has pointed out that gas- 
sing rates alone are without significance; it is necessary 
to determine the rate at which oxygen actually goes 
into solution and becomes available to the cells during 
growth in a given culture apparatus. Of several methods 
available for measuring such oxygen absorption rates 
(OAR), the sulfite oxidation procedure (Cooper et al., 
1944) is convenient and requires little equipment. 

While reports have been made outlining sulfite pro- 
cedures for determining oxygen absorption rates in 
industrial reactors (Cooper et al., 1944) and laboratory 
shake flasks (Corman et al., 1957), many investigators 
make use of small volume culture apparatus employing 
a constant flow air pump or a laboratory compressed 
air line. Although such work may involve aerating 
culture volumes as small as 5 or 10 ml, accurate cali- 
bration of the apparatus for OAR is still essential. 


MATERIALS AND METHODS 


The aeration apparatus described by Lockhart and 
Ecker (1958) was used in these experiments. The appa- 
ratus consists essentially of a controlled source of air 
under pressure which is led, via a manifold, to a series 
of needle valve outlets monitored by individual flow- 
rate meters. Each outlet is then connected to a gas 
delivery tube immersed in 10 ml of culture medium 
contained in an optically calibrated 18 by 150 mm 
culture tube. The metered air is presaturated with 
water vapor, prior to delivery to the culture tube, by 
bubbling it through a depth of 50 mm of distilled water. 
Both culture tubes and water saturation tubes are held 
in a water bath at a constant temperature. 

For determining OAR at various flowmeter settings, 
10.0 ml of 0.15 N NaSO; in distilled water are pipetted 
into each culture tube. This solution contains 10-* m 
CuSO, (necessary as a catalyst in the oxidation of sul- 


1 This work was supported in part by Grant DRG-328 from 
the Damon Runyon Memorial Fund for Cancer Research. 

2 Predoctoral Research Fellow of the National Science 
Foundation. 


fite), and has been adjusted to pH 7.0 with 1 Nn H.S0,, 
To one such tube are added immediately 10.0 ml of 0.16 
N I, in 5 per cent aqueous KI. This becomes the blank, 
The remaining tubes are aerated at measured rates of 
flow for a given time using fixed conditions of tempera- 
ture, gas delivery tube diameter and depth of the de- 
livery tube below the surface of the reaction mixture. 
After aeration, 10.0 ml of the iodine solution are added 
to each tube and mixed thoroughly to react with any 
sulfite which remains unoxidized. The difference thus 
obtained between the unreacted iodine in the blank 
and that in each of the aerated culture tubes represents 
the amount of oxygen absorbed by sulfite according to 
the following relationship: 


mEq I, (difference) 


7 —— = mmoles 0, 


When the volume of reactant and the time of exposure 
to the gas are taken into consideration, the oxygen 
absorption rate can then be determined and expressed 
as mmoles of oxygen absorbed per L of reactant per hr. 

The excess iodine may be determined by standard 
iodometric methods, titrating to the starch end point 
or to colorlessness with standardized NaS.O3. This, 
however, proves to be a cumbersome and time-consum- 
ing procedure if a large number of determinations must 
be made. To use a colorimetric determination of iodine 
for this purpose, it is necessary that it be possible to 
detect concentrations in the range 0.005 Nn to 0.10 x 
without dilution. Using a Coleman Universal spectro- 
photometer,® standard absorption curves were deter- 
mined for several iodine concentrations over the visible 
spectrum. It was found that wave lengths below 650 
my fail to provide the necessary concentration range 
and those above 650 my do not yield sufficient sensi- 
tivity over this range. However, using 650 my and a 
Coleman 14-214 filter, the required concentration range 
may be detected between 20 and 95 per cent. trans- 
mittance when read against distilled water. 

The standard curve of concentration against optical 
density at 650 my is shown in figure 1. Although this 
curve is quite reproducible, there is no direct, linear 
relationship between these quantities over the entire 
concentration range. The second curve in figure 1 shows 


3 Coleman Instruments, Inc., Maywood, Illinois. 
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the result of a slight mathematical manipulation which The following relationships are used in deriving the 
simplifies use of the standard curve. Concentration is conversion formula: 
plotted against the quantity (log log 100 — log log ; 
“T). This quantity has been termed log density (LD).! mmoles 0./L/hr = _ 
For the determination of OAR, it is necessary only et (4)(Vi)@ 
toread the transmittance of the blank and the reaction 2(LD — LD»)(Vn) 
tubes in a spectrophotometer against distilled water = —@OV)Ob 
and calculate the OAR by use of the standard curve. 
‘Tables for conversion of per cent transmittance to LD X = 500(LD — LD») 
SOs. Ff 03 will be furnished by the authors on request. (b) (t) 
0.16 
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Figure 1. Standard curves for iodine determination in the Coleman Universal spectrophotometer at 650 mu 








104 R. E. ECKER AND W. R. LOCKHART 


where I, is the difference in milliequivalents of iodine 
present between the blank and the reaction tube; ¢ is 
time in hr of exposure to the gas mixture; V, is the 
volume of the reactant in L; V,, is the volume of the 
reactant in milliliters; b is the slope of the standard 
curve; LD is the log density of the aerated tube and 
LD, is the log density of the blank. Further simplifica- 
tion can be made in the conversion formula by ex- 
pressing the optical response as LD X 10° and using 
a time of exposure of one-half hr. In this way the OAR 
can be determined simply as the quotient of the differ- 
ence in LD X 10° and the slope. 

The conversion formula indicates that this relation- 
ship is independent of volume of reactant. It is thus 
possible to use any desired volume in the culture tubes 
and any size aliquot for determination as long as the 
volumes of sulfite reagent and of iodine are equal. When 
larger culture volumes are used, a sample of 5.0 or 10.0 
ml can be removed for determination and placed di- 
rectly into an equal volume of the iodine solution in 
an optically calibrated tube. No significant error has 
been detected when pipettes used for this transfer were 
not first flushed with an inert gas. 

There was no absorption of light at 650 my by any 
other constituent or combination of constituents of the 
reaction mixture. 


RESULTS AND Discussion 


For a comparison of titrimetric and colorimetric 
methods of iodine determination, oxygen absorption 
rates were determined for three arbitrary flowmeter 
settings in five separate experiments. The aeration was 
conducted according to the procedure previously men- 
tioned, with a volume of 10.0 ml in each culture tube. 
The air delivery tube was of 2.25 mm inside diameter 
and was placed so that the bubbles were released 50 
mm below the surface of the liquid. The reaction tem- 
perature was 37 C and the time of exposure was one- 
half hr. Each tube was first read in the spectropho- 
tometer and then immediately titrated to colorlessness 
with standardized NaS.O3;. 


TABLE 1 


Comparison of titrimetric and colorimetric methods of 
determining oxygen absorption rates 





Method . Titrimetric Colorimetric 
Flwmeter| ,. | 2 iat a 
Setting. A B ( A B C 
Experiment —_ Oxygen absorption rates (mmoles/L/hr) a 
I 12.3 14.9 24.6 12.9 16.4 25.1 
II | 11.3 15.2 23.0 12.1 15.6 22.8 
III 11.0 16.1 24.8 11.3 15.9 24.7 
IV 11.6 15.7 25.0 12.0 15.8 24.5 
V 11.9 15.5 23.8 11.5 15.2 23.1 
Mean 11.6 15.5 24.2 12.0 15.8 
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Results of the comparison experiments are shown jy 
table 1. In each case the mean value of the colorimetric 
determinations is within the range of variation of the 
corresponding titrimetric determinations, and in yo 
case is the range of variation within the colorimetric 
determinations significantly greater than that of the 
corresponding titrimetric values. The observed varia. 
tion in experimentally determined OAR values seems 
to result from minor fluctuations in rate of gas flow at 
particular flowmeter settings rather than from errors 
in the respective analytical methods. 

Using this method of aeration, we have detected no 
equilibration period for sulfite oxidation such as has 
been reported by Corman ef al. (1957). Results when 
aeration was carried out for one-half hr agreed very 
closely with values obtained over longer periods of 
exposure. 

Since air flow rate alone is a meaningless expression 
in aeration procedures, we have found it more con- 
venient to express the calibration of aeration apparatus 
at any given flowmeter setting in terms of a “base 
rate” of oxygen absorption, specifying the particular 
conditions under which the calibrations were conducted. 
In the case of the apparatus used in these experiments, 
base rates are determined under the conditions used 
in the conduct of the comparison test. Thus table | 
reflects the base rates for the three flowmeter settings 
shown. 

Employing some fundamental concepts, a number 
of general predictions can be made concerning oxygen 
absorption rates under varying conditions when the 
base rate is known. For example, the change in OAR 
can generally be considered to be inversely propor- 
tional to a change in the volume aerated as long as 
other factors are held constant. Thus it could be pre- 
dicted that a culture volume of 25 ml, aerated at a base 
‘ate of 15.8 mmoles/L/hr and under conditions similiar 
to those used in calibration, would yield an OAR of 
15.8/2.5 or 6.3 mmoles/L/hr. The experimental value 
obtained under these conditions is 6.6. However, when 
the change in volume results in large differences in 
surface-to-volume ratios or in marked differences in 
agitation by the gas bubbles, this relationship will not 
hold. 

OAR ean also be altered without changing the rate 
of air flow by increasing the gas-liquid interfacial area 
by means of a sparger. In this case the sparger can be 
valibrated using the base rate. For example, 25 ml aer- 
ated at a base rate of 15.8 mmoles/L/hr with an extra 
coarse fritted glass sparger gave an OAR of 31.8 mmoles 
L/hr. Since it can be predicted that the actual OAR 
should be 25 the base rate due to the increase in vol- 
ume, the additional change can be attributed to the 
sparger, all other factors constant. Thus the sparget 
factor can be computed to be (5/2) (31.8/15.8) or 5.0.1! 
80 ml are aerated with the same sparger at base rates 
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of 24.0 and 12.0, using the sparger factor, OAR could 
be predicted to be 5.0(24.0)/8 = 15.0 and 5.0(12.0)/8 
= 7. mmoles/L/hr, respectively. The respective ex- 
perimental values for these rates are 17.4 and 6.9. These 
relationships again hold only if other factors are held 
relatively constant. 

It is to be expected that most investigators will want 
to make accurate calibrations for such values as can be 
predicted in this way. However, these methods provide 
a handy means for estimating the order of magnitude 
of possible oxygen absorption rates attainable with 
various types of apparatus when only a limited number 
of air flow rates are available. 


SUMMARY 
A method is deseribed which provides a simple and 
convenient means for accurate calibration of laboratory 
yeration apparatus. A colorimetric determination of 
iodine concentration is incorporated to simplify deter- 
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minations of oxygen absorption rates by the sulfite 
oxidation method, and comparison of this colorimetric 
procedure with the standard titrimetric method is 
made. Use of calibration data is discussed. 
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Polymerized organic salts of sulfonic acids of the 
ilkyl-aryl type have been used extensively by the chem- 
ical industry to obtain highly stable dispersions and 
emulsions. These lignin compounds are not wetting 
agents like the ‘“Tweens”’ but rather dissociate in water 
to give highly charged anions which, when adsorbed 
to particles of solids in suspension, impart their negative 
charge to each particle with resulting mutual repulsion. 
Brownian movement then keeps these charged particles 
in suspension for a longer time than usual. Some of 
these compounds also stabilize water-oil emulsions by 
electrokinetic action at the interface. They can with- 
stand 175 C, have recommended pH ranges from pH 
7.0 to 9.0, and act effectively with particles in the size 
range of microorganisms. 

These dispersing agents, or dispersants, have been 
shown to be relatively nontoxic for mice (Latven et al., 
1952; Latven, 1957). Their use has recently been ex- 
tended to obtain more uniform direct counts of human 
red blood cells following dilution (Latven, 1957). These 
findings suggested possible uses in microbiology, and 
this study was undertaken to assay their toxicity for 
some microorganisms, test their dispersing effect in a 


few of the possible applications, and indicate to micro- 
biologists the existence and potential of this type of 
compound. 


EXPERIMENTAL METHODS AND RESULTS 


Viability of bacteria in dispersant solutions. Repre- 
sentative dispersing agents were supplied by the sources 
indicated: Darvans 1 and 2,! Daxads 11 and 23,? and 
Marasperses C, CB, and N.’ Viable counts in this and 
subsequent work were assayed by the surface-plate 
method; samples for 24-hr counts were stored .over- 
night in the refrigerator. Table 1 shows the results of 
tests with Serratia marcescens and the seven dispersants 
incorporated in two representative diluents. The data 
indicate that the dispersants were not toxic to this 
organism. In distilled water, the presence of a dispers- 
ing agent actually increased the plate count; in gelatin- 
saline solution (8.5 g sodium chloride plus 1 g gelatin 
in 1 L distilled water), the addition of dispersants 
resulted in viability, at least as good as that obtained 

1R. T. Vanderbilt Co., Inc., New York, New York. 


2 Dewey and Almy Chemical Co.,Cambridge, Massachusetts. 
3 Marathon Corporation, Rothschild, Wisconsin. 
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with gelatin-saline alone, in all cases but one. Similarly, 
in subsequent tests with Bacillus megaterium and Sta- 
phylococcus aureus, the dispersing agents exerted no 
toxic effect. ; 
Use of dispersing agents in plate count diluents. Since 
the test dispersants appeared to be innocuous to bac- 
teria, they seemed likely to provide an effective means 
of reducing the relatively large error in plate counting 
which derives from the clumping and nonuniform dis- 
tribution of cells in diluting fluids. Accordingly, stand- 
ard suspensions of bacteria were prepared and counted 
in a series of dilutions in gelatin-saline alone or with 
dispersant added. Table 2 shows the results of such 
experiments. With S. marcescens, a 7 and 9 per cent 
increase in the plate count was evident when 0.005 per 
cent Darvan 1 or 0.05 per cent Daxad 11 was added to 
the diluents (Darvan 1 and Daxad 11 are similar and 
perhaps identical substances). The standard deviation 
was significantly lowered only in the case of 0.05 per 


TABLE 1 
Effect of dispersants on viability of Serratia marcescens in water 
and in gelatin-saline suspensions 





| Gelatin-Saline 


Dispersant Added Viable count | “ Change | Viable count| % Change 
xX 10% | 
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1% Wt/Vol | coal X 10° came 
| Obr | 24 hr 0 hr Ohr | 24 hr) Ohr | 24 hr 
SO ere | 130 | 0 — 10; 9} — — 
LS | 440 |>300 238 11 | 12 10 33 
Oe 240 | 120 85 17 | 14| 70| 56 
| ee | 380} 12) 193 | 21 | 17] 110 | 89 
Daxad 23....... 290 | 30 123 16 | 16 | 60 78 
Marasperse C ..| 280 | 210) 115 16| 9}| 60 0 
Marasperse CB..... 240 | 300) 85 11} 9} 10 0 
Marasperse N...... 320 | 30) 146 11} 8} 10 |-—22 
TABLE 2 
Effect of dispersants used in plate count diluents 
l 
| ol Viable Stand- 
Organisms Diluent No. of Count Ein 
| Dilution! X 10 man 
Series ation 
Serratia | Gelatin-saline 65/10 | 547 15.1 
marcescens | Gelatin-saline 66/10 | 587 17.4 
| with 0.005% 
Darvan 1 
| Gelatin-saline 35/10 823 16.8 
| Gelatin-saline 31/10 897 10.8 
| with 0.05% 
| Daxad 11 
Bacillus Gelatin-saline 27/10 1.5 | 31.6 
megaterium | Gelatin-saline 29/10 1.5 | 36.7 
| with 0.05% 
Daxad 11 
Staphylococcus | Gelatin-saline 40/8 71.0 | 11.7 
aureus | Gelatin-saline 37/8 70.9 | 9.3 


with 0.05% 
Daxad 11 
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cent Daxad 11, indicating the possibility of bette; 
sampling. Also shown in table 2 are the results of similar 
experiments with B. megaterium, a chain former, and 
S. aureus, a clump former. Neither an increase in the 
plate count nor a reduction in the standard deviation 
was evident. In these latter two cases, however, each 
dilution was shaken by inversion 20 times instead of 
10 times as in the case of S. marcescens. Thus it appeared 
that the dispersing action of adequate shaking may 
overshadow that of the dispersing agents. This con. 
clusion was generally substantiated in further experi- 
ments with S. marcescens and S. aureus, in which the 
amount of shaking was varied over a wide range. 

Effect of dispersing agents on the settling of bacteria 
in the static situation. If the scattering ability of dis. 
persants on bacteria is masked by that of agitation, 
one should be able to observe the former effect merely 
by eliminating the latter. This was accomplished by 
making suspensions of bacteria in 0.9 per cent saline 
solution with and without dispersant and pouring these 
into photometer tubes. The bacteria were then allowed 
to settle with a minimum of agitation and the settling 
process was followed turbidimetrically. 

Figure 1 represents the results of these experiments 
using Darvan 1 as a representative dispersant. It ean 
be seen that the addition of 0.2 per cent Darvan 1 to 
suspensions of Escherichia coli B, S. aureus, B. mega- 
terium, Mycobacterium phlei, and Brucella abortus re- 
sulted in a retardation of settling, which was also ob- 
vious on visual examination. The addition of this agent 
to suspensions of S. marcescens and of Saccharomyces 
cerevisiae resulted in the opposite effect; however, under 
different conditions of growth, S. marcescens was sta- 
bilized by Darvan 1, emphasizing the need for testing 
the effects of these agents for each situation of possible 
application. 

Incorporation of dispersing agents into growth media. 
In an effort to confirm the innocuous character of dis- 
persants for bacteria and to disperse bacterial growth, 
0.2 per cent Daxad 11 was added to a peptone-salts 
growth medium for B. megaterium and S. aureus. Re- 
sults indicated that any effect of Daxad 11 on growth 
of these organisms in either shaken or static cultures 
is small. Similar experiments conducted with S. mar- 
cescens were inconclusive, because Daxad 11 contains 
a carbon source for this organism; however, more uli- 
form growth of 1. phlei resulted when 2 per cent Dar- 
van 2 was incorporated in the medium. Further detailed 
studies are required to determine whether these agents 
may be used effectively in obtaining dispersed growth 
of mycobacteria. 

Other applications. Dispersing agents were tested il 
two other applications essentially without succes. 
Pellicle formation by Bacillus subtilis was not inhibited 
by the presence of dispersants, although the pellicle 
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Figure 1, Effect of Darvan 1 on the settling of microorganisms in saline suspensions. Turbidity was measured in a Klett pho- 
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broken up. Daxad 11 or 23 in 0.2 per cent concentration 
seemingly did not affect the ease of redispersion of the 
packed cells when added before or after centrifugation 
to aqueous suspensions of F. coli strain K-12 at pH 5, 
7, or 8. 
DiIscUssION 

The results of this investigation and those of Latven 
et al. (1952) and Latven (1957) indicate that these dis- 
persing agents, in contrast to most wetting agents and 
detergents; are not injurious to biological material. 
This makes such dispersants suitable for use in micro- 
biology, and their possible use has been indicated in 
plate-counting diluents, in direct counts, in the pre- 
vention of settling, and in the dispersion of pellicles. 
However, it also appeared that vigorous shaking may 
limit their utility and that their effects vary with differ- 
ent organisms and growth conditions. Therefore, it is 
necessary to test a given dispersant in a given situation. 

An important property of dispersants is their ability 
to keep some bacteria from settling out of suspension 
at their normal rate. This effect could be of value in 
the production of particulate vaccines, the controls in 
serological agglutination tests, and other procedures in 
which the settling of bacteria presents a problem. Since 
the agents are helpful in the counting of erythrocytes, 
they may well be applicable in the direct counting of 
other animal, plant, and microbial cells, notably in 
automatic electronic counters where accuracy depends 
upon dispersion and stability of the suspensions. Dis- 
persants very possibly could lead to greater separation 
and might prevent aggregation of cell fractions such 
as mitochondria in procedures of differential centrifu- 
gation. Since these agents have also proved useful in 
industry for the preparation of uniform slurries and 
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pastes, they probably could be similarly useful 
tion to industrial fermentations. 

Another important property of certain of the «ispers. 
ants is their ability to form stable water-oil emulsions. 
This immediately brings to mind the problems encoun- 
tered in the dispersion of Mycobacterium tuberculosis 
and related organisms during growth; the possibility 
of applying this type of agent deserves further consid- 
eration. Another problem in which this property of 
dispersants could be useful is the dispersion in aqueous 
media of nongaseous hydrocarbons or fats when they 
are used as a carbon source for bacteria. ZoBell (1946) 
has indicated that the limiting factor in nongaseous 
hydrocarbon utilization by bacteria is the dispersion 
of the substrate in the growth medium. 


it Tela. 


SUMMARY 


Polymerized organic salts of sulfonic acids of the 
alkyl-aryl type were tested for use as dispersing agents 
in microbiology. These lignin compounds were shown 
to be nontoxie for several types of bacteria, to have 
little effect on growth, and to retard the static settling 
of a majority of the organisms studied. They may possi- 
bly be used in diluents for plate counting, but their 
effect is apparently obviated by adequate manual miy- 
ing of the dilution suspensions. Other potential uses 
were suggested and the necessity to test each situation 
separately was emphasized. 
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A large number of useful antibiotics have been dis- 
covered since the isolation of tyrothricin in 1939, yet 
ys time passes and as the number of known antibiotics 
increases, their rediscovery becomes more and more 
frequent. Improvements in screening techniques are 
therefore indicated to eliminate undesired antibiotics 
with a minimum of labor. New techniques should also 
attempt to recognize biological activities that previ- 
ously used screening methods were unable to detect. 
One of these activities concerns effectiveness against 
intracellular bacteria. Suter (1952) has shown that 
tubercle bacilli enclosed in phagocytes are as susceptible 
to isonicotinie acid hydrazide as those suspended in 
Tween-albumin medium. In contrast, these phagocy- 
tized cells of Mycobacterium tuberculosis are about 100- 
fold more resistant to streptomycin than their extra- 
cellular counterpart. Results like these suggest that 
direct screening against intracellular bacteria may have 
the following advantages: (a) Only substances capable 
of entering mammalian cells without inactivation would 
be detected. (b) Substances toxic to mammalian cells 
would be rejected. In addition, the possibility exists 
that certain substances may exhibit an antimicrobial 
action only intracellularly. The development of a tech- 
nique for screening within the mammalian cell could 
furnish the necessary tool for the detection of such 
intracellular factors. 

Because of their very slow growth, pathogenic myco- 
bacteria are not ideal laboratory tools. Members of the 
genus Brucella have the advantage of being pathogens 
with intracellular habits and they grow relatively fast, 
radily permitting quantitative enumeration. The use 
of brucellae was warranted, since the control of brucello- 
is is still a problem (Spink, 1956). However, brucellae 
were used primarily as a test system which might yield 
substances of value in many other fields, including the 
control of virus diseases. The method described by 
Pomales-Lebron and Stinebring (1957) for the quanti- 
lative study of intracellular brucellae was thus the 
foundation on which the present screening method was 
built, 

The efficiency of this method was tested by screening 
a series of filtrates from actinomycetes isolated at ran- 
dom from various soils. 


' This study was supported in part by a grant from the Hartz 
Mountain Co. of New York. 


MATERIALS AND METHODS 


The present method was devised for the screening 
of actinomycetic products, but it could be adapted to 
the detection of active substances produced by other 
organisms. Cultures of actinomycetes were isolated 
from natural substrates by the usual methods. Stock 
cultures of the actinomycetes were maintained on 
yeast extract-glucose agar slants (Bacto yeast extract, 
10 g; glucose, 10 g; agar, 15 g; water (tap), 1 L). For 
production of filtrates each isolate was inoculated from 
the agar slants to four flasks of the production medium 
(50 ml of medium in 250 ml Erlenmeyer flasks). The 
production medium was made up as follows: Bacto 
yeast extract, 1 g; meat extract (Viggo-Ostergaard- 
Denmark),? 2 g; Staley’s 48 special nutrient,’ 5 g; 
Wilson peptone 366,/ 5 g; maltose, 5 g; glucose, 5 g; 
tap water, 1 L; pH 7.2 after sterilization. Incubation 
was on rotary shaking machines at 28 C. 

Identical sensitivity tests were performed after incu- 
bation for 3 and 5 days using two flasks for each test. 
The contents of the two flasks were pooled and filtered 
aseptically through sterile filter paper (Reeve Angel 
No. 802).5 Two 25-ml aliquots of the filtrate were dis- 
pensed into sterile 100-ml beakers and covered with 
sterile gauze. The samples were frozen and lyophilized 
in a Stokes freeze dryer. The dry samples were kept in 
the refrigerator until ready to be tested. At that time 
25 ml of sterile Hanks (1955) balanced salt solution 
were added to one of the beakers containing the dry 
sample. The other beaker was kept for retesting in case 
a positive effect had been observed. The sample which 
had been reconstituted in Hanks solution was diluted 
further (1:8) in the same salt solution for testing. 

All materials used in the tissue culture procedure 
were boiled in 7X solution,’ rinsed abundantly with 
tap water, and finally boiled and rinsed in distilled 
water. If necessary, the glassware was first soaked in 
potassium dichromate-sulfuric acid cleaning solution. 

Two days before running the activity test, a transfer 


2 We now use Bacto beef extract, Difeo Laboratories, De- 
troit, Michigan, which is just as satisfactory. 
3Staley Manufacturing Co., Decatur, Illinois. 
4Wilson and Company, Inc., Chicago, Illinois. 
5 Reeve Angel Company, New York, New York. 
6 F. J. Stokes Machine Co., Philadelphia, Pennsylvania. 
7 Linbro Chemical Co., New Haven, Connecticut. 
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of Brucella abortus (Pomales-Lebr6én, strain SA-S) was 
made on a MTA agar slant (Bacto tryptose agar dehy- 
drated, 41 g; glucose, 10 g; thiamin hydrochloride, 
100 ug; FeSO,-7H.O, 183 ug; distilled H,O,1 L) and 
incubated 48 hr at 37 C. The bacterial cells were sus- 
pended in saline (0.85 per cent NaCl in water) and 
diluted using a Coleman (model 7) photo-nephelometer® 
until a suspension of approximately 6.5 X 10? cells per 
ml was obtained. The cells were then ready to be added 
to the monocyte cell preparation. 

Two days before testing time, 20 ml of saline was 
injected into the peritoneal cavity of a male guinea pig 
(300 to 500 g). Two days later, the guinea pig was bled 
from the heart (15 to 20 ml of blood, 20 gauge needle) 
and the blood was centrifuged to obtain the serum 
needed for the in vitro monocyte suspensions. Imme- 
diately after bleeding, the animal was sacrificed, the 
peritoneal cavity was opened and washed with 30 ml 
of sterile Hanks solution containing 50 ug per ml of 
heparin. The liquid was pipetted from the peritoneal 
cavity. Usually 20 ml were recovered. The monocytes 
were counted with a hemocytometer and the liquid 
was centrifuged slowly (51 g) for 5 min. The sedimented 
cells were resuspended in an appropriate amount of 
sterile Hanks solution to yield approximately 2 X 10° 
monocytes per ml. An aliquot of the cell suspension of 
brucellae was added to the monocytes to get approxi- 
mately 30 bacterial cells per monocyte. Under these 
conditions, approximately 80 per cent of the monocytes 
engulf cells of brucellae; 65 percent of the infected mono- 
cytes contain 1 to 2 cells, the balance contain 3 to 4 
bacterial cells. 

The testing for activity of the filtrate on the phago- 
cytized brucellae was carried out in Pyrex Leighton 
tubes’ (16 by 125 mm). The monocyte-brucellae sus- 
pension was distributed in these sterile tubes (0.5 ml 
in each tube) and plugged with sterile size 0 rubber 
stoppers. The tubes were left 2 hr at 37 C to permit 
the monocytes to settle on, and to attach themselves 
to, the flat glass surface. The liquid was then removed 
by pipetting and replaced by 0.5-ml aliquots of the 
test solutions prepared as follows: 2.1 ml of dried acti- 
nomycete product resuspended in Hanks solution was 
added to 0.9 ml of guinea pig serum and 0.3 ml of strep- 
tomycin in saline. The final concentration of streptomy- 
cin was 10 wg per ml. Hanks solution was used in place 
of the actinomycete product in controls. Each test 
series was made up of four tubes. The serum came from 
the same animal which furnished the monocytes. The 
streptomycin was added, (a) to kill the extracellular 
brucellae without affecting the survival and multiplica- 
tion of intracellular ones (Pomales-Lebrén and Stine- 
bring, 1957), and (b) to kill actinomycete cells still 
present in the samples being tested. 


8 Coleman Instruments Ine., Maywood, Illinois. 
® Belleo Glass Co., Vineland, New Jersey. 
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After incubation overnight at 37 C, the pH in each 
tube was brought back up to 7.2 with sterile sodiyy 
bicarbonate (1.4 per cent), and the monocytes ii each 
tube were examined microscopically for signs of toxicity. 
Healthy monocytes are star-shaped or spheric: and 
turgid and cling to the glass surface. Dead monocytes 
shrink considerably and are washed away by the sus. 
pending liquid. Tubes containing a large number of 
dead cells were discarded. If the monocytes appeared 
alive, the tubes were put back at 37 C for another day, 
at which time the check for absence of toxicity was 
repeated. If the monocytes were judged healthy, the 
liquid was removed with a pipette from each tube and 
then rinsed 3 times with 1 ml and once with 5 ml of 
Hanks solution. The washing procedure was to remove 
any antibiotic, including streptomycin, which might 
have an activity on brucellae outside of the cells. Fi- 
nally, 1 ml of melted MTA agar was added, exactly 
filling the flat portion of the tube. This becomes 
small-scale Petri dish in which brucellae engulfed in the 
monocytes can grow if still alive. Any intracellular anti- 
biotic effect of the actinomycetic products can be 
judged by comparing the bacterial growth in the test 
series with that in the control series after 48 hr of incuba- 
tion at 37 C. 


RESULTS 
Before proceeding with the screening of freshly iso- 
lated actinomycetes, the effect of five known antibioties 
on intracellular brucellae was determined. The results 
obtained with various concentrations of the antibiotics 


TABLE 1 
Effect of antibiotics on Brucella abortus, strain SA -S 
Activity in Monocytes 
Activ 
ity in 
vilre 


Toxic- 
| ity to 
| mono- 
| cytes 


Growth 
of bru 
cellae 


ug/ml 


Streptomycin 10 
100 | 
1000 
Neomycin 10 
100 | 
1000 
Polymyxin B 10 
100 | 
1000 
Oxytetracycline 10 | 
100 | 
1000 
Chloramphenicol 66; — 
132 | - 


— = No toxicity to monocytes; + = some toxicity; + = 
most monocytes were dead; 4 = very good growth of brucellee: 
2 = poor growth of brucellae; 1 = 1 to 5 colonies per tubes; at! 
0 = no growth. 
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are presented in table 1, together with the inhibiting 
concentrations of the antibiotics on the same strain of 
B. abortus determined on MTA agar in vitro. Oxytetra- 
eyeline was, in vitro, the most effective of the antibiotics 
tested, followed by streptomycin, neomycin, chloram- 
phenicol, and polymyxin B. 

Oxytetracycline and chloramphenicol were the most 
effective antibiotics intracellular brucellae, 
followed by neomycin, streptomycin, and polymyxin B. 
Neomycin was remarkably nontoxic to monocytes. 


against 


Using this monocyte method, a series of products 
from actinomycetes that had been isolated at random 
was tested for activity. The fifty-second culture, a 
Streptomyces isolated from the mud of the Raritan 
liver, was found to be active (table 2). It was deposited 
in the culture collection of the Institute of Microbi- 
ology (No. 3774). 

The active principle was readily extracted from 
fermentation broths of Streptomyces sp. strain 3774 with 
butanol at all pH values. It was found to be very ther- 
mostable in solution. The extracts exhibited a charac- 
teristic absorption spectrum in the ultraviolet at 278 
mu, indicating the presence of some aromatic system. 
These preliminary properties immediately suggested 
similarity or identity with chloramphenicol (p-threo- 
X-(1, 1’-dihydroxy-1 -p-nitrophenylisopropy]) -dichloro- 
acetamide). Paper chromatographic comparisons of the 
antibiotic substance from Streptomyces sp. 3774 and of 
chloramphenicol, with the solvent systems, toluene- 
ethyl acetate-methanol-water (9:1:5:5) and chloroform- 
methanol-water (10:2:5), Whatman paper No. 1, 
descending development, indicated identity of the two 
substances. The location of the antibiotics was readily 
detected by bioautography and ultraviolet fluoroscopic 
examination. 

In large seale isolations of the antibiotic principle of 
Streptomyces sp. 3774, fermentation broths were re- 
peatedly extracted with half volumes of 1-butanol; 
the solvent extracts were concentrated under vacuum; 
and the antibiotic residue was washed with petroleum 
ether and dissolved in absolute ethanol. The antibiotic 
was precipitated from ethanolic solution by the addition 
of petroleum ether. The crude antibiotic was then 


TABLE 2 
Typical examples of results obtained in evaluating fermentation 
broths 


Filtrate Number 


site Con- 
= * 
61 66 |G-156 feu 


Toxicity (microscopic) 


= 
2 =i Aa esi 
1 | 


Growth of brucellae 4 0 


*Filtrate of Streptomyces sp. strain 3774. Antibiotic iden- 
tifed a's chloramphenicol. 
Key to symbols and members as in table 1. 
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crystallized readily from ethyl ether-petroleum ether 
solvent mixtures to produce colorless needles, mp 141 
to 146 C. Repeated recrystallizations from the same 
solvent mixture produced crystals, mp 149.5 to 150.5 C. 
Mixed melting point determinations with chloramphen- 
icol produced no melting point depression. Infrared 
spectrophotometric comparisons of the crystalline anti- 
biotics produced identical curves. Optical rotation, 
solubility, and elementary analytical determinations 
gave further proof for identity of the two substances. 
These results are summarized in table 3. 

On the basis of this evidence it was concluded that 
the antibiotic from Streptomyces sp. 3774 was chloram- 
phenicol. 

Streptomyces sp. 3774 was found to be different from 
S. venezuelae. The culture was not compared with S. 
omiyaensis (Umezawa et al., 1949) or S. pheochromo- 
genus var. chloromyceticus (Okami, 1948), which are 
other known chloramphenicol producers, because the 
cultures were not available to us. S. pheochromogenus 
rar. chloromyceticus is now considered by Okami to be 
identical with S. venezuelae. The type strain of S. omi- 
yaensis died in Okami’s collection (personal commun- 
ication). 


Discussion 
The efficacy of antibiotics varies under certain con- 
ditions. Suter (1952) demonstrated that isoniazid was 
essentially as active against J/. tuberculosis cells in 
nutrient media as well as when inside monocytes. In 
contrast, streptomycin was more active zn vitro than 
in the monocytes. These differences may be due to the 


TABLE 3 
Comparison of the chemical and physical properties of 
chloramphenicol and antibiotic from Streptomyces 
sp. strain 3774 


Antibiotic from 


Chloramphenicol* 
Streptomyces sp. 3774 Y 


CuHieNe0sCle 


Melting point 
Elementary analysis 
Per cent C | 41.547 40.89 
Per cent H | 3.97T 3.74 
Per cent Cl | 21.627 21.94 
Rotation, la]p®° (1 .9° —25.5° 
per cent, ethyl 
acetate) 
Solubility 


149.5-150.5 C 149.7-150.7 C 


| Both are soluble in ethanol, methanol, 

| butanol, propylene glycol, ethylace- 

| tate, and acetone. 

| Both are partly soluble in water and 

| ethyl ether. 

| Both are insoluble in petroleum ether 
and aromatic hydrocarbons. 

| Both can be autoclaved (10 min, 15 Ib) 

| at pH 8.0. 


Stability 


* Data on chloramphenicol from Ehrlich et al. (1947) 
7 Clark Microanalytical Laboratory, Urbana, Illinois. 
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inability of the antibiotic to penetrate the cell mem- 
brane of the mammalian cells, or to a reduction in 
activity in the cells due to chemical inactivators. This 
reduction in activity showed the need for a method 
of screening using the unfavorable environment that 
the mammalian cell presents. 

The ease with which one can apply a technique to 
routine screening is of great importance. The choice of 
B. abortus over that of J/. tuberculosis was obvious 
since this bacterium grows much faster than the my- 
cobacterium. 

The actual proof of the usefulness of a screening pro- 
cedure is the picking up of promising leads. The prompt 
detecting of chloramphenicol speaks well in favor of 
this method, which, due to the use of toxicity con- 
trols, detects only relatively nontoxic substances. 
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SUMMARY 


A method of screening for antibiotics active against 
intracellular bacteria was described. The method con- 
sists of (a) allowing brucellae to be phagocytized by 
guinea pig monocytes, (b) killing nonphagocytized 
brucellae with low levels of streptomycin, (c) permitting 
the living, brucellae-containing monocytes to remain 


in contact with the antibioties to be tested, (d) ws shing 
these antibiotics away after proper contact with the 
brucellae-containing monocytes, (e) covering the :nono- 
cytes with an agar medium, and (f) counting the bru- 
cellae growing on the agar medium. 


The value of the method was tested by screening , 


series of recently isolated actinomycetes. A chloram- 
phenicol-producing organism was isolated, and_ its 


antibiotie readily identified. 
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The use of sodium azide in agar dises as in Jensen and 
Kleemeyer’s (1953) “‘string-of-pearls” test for anthrax, 
and in agar plates, where one-half of the plate contains 
qaide agar separated by a moat from the other half con- 
taining azide-free agar, has led to interesting observa- 








tions on the action of azide and to the development of a 





new technique for its use as an inhibitive agent. 






Azide in a medium gives rise to hydrazoie acid which 





yolatilizes, diffuses through the air in a closed vessel 
such as a Petri dish or jar, and may be absorbed by 
medium that is not in direct contact with the azide- 
containing medium so as to produce characteristic in- 
hibition. Spot tests for azide (hydrazoic acid) (Feigl, 
1943) may be obtained with the atmosphere of the 
container or with medium in contact with the atmos- 
phere of the container. Hydrazoic acid is liberated from 
uninoculated as well as inoculated medium. Although 
hydrazoic acid has a boiling point of 37 C, it is ap- 
parently liberated from the medium as readily at 30 C 
as at 37 C. More hydrazoic acid is liberated from an 
















acid medium, although we found some to be liberated 
irom a medium at pH 7.6, the most alkaline medium 
that we tested. These observations suggested that incu- 






bation of a medium in a jar containing an atmosphere 
of hydrazoie acid might replace the direct addition of 
wide to a medium. 







EXPERIMENTAL METHODS AND RESULTS 





Cultures were streaked on BBL trypticase soy agar* 
with and without sodium azide. Cultures on azide-free 
nedium were incubated in an atmosphere of hydrazoic 
acid, the volatile acid was liberated in a 3500-ml jar by 
mixing equal quantities of a sodium azide solution and 
5x HCl in a small beaker and placing it in the jar 
just previous to sealing. It is necessary to open the jar 









under a hood since hydrazoic acid is poisonous. 

The first experiments were made with a mixture of 
Escherichia coli and Streptococcus faecalis streaked on 
trypticase soy agar plates. The results in table 1 show 
the effects of the amount and concentration of azide 







'This work was supported by contract with the | 
Chemical Corps, Fort Detrick, Frederick, Maryland. 

*This investigation represents a portion of a dissertation 
submitted by the senior author in partial fulfillment of the 
requirements for the Ph.D. degree at the University of Ken- 
tueky 

* Baltimore Biological Laboratories, Baltimore, Maryland. 
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Acid) 


solution and the temperature of incubation. It appears 
that the most useful concentration of azide is between 
0.1 and 0.5 per cent and that 10 ml of solution is ade- 
quate for the size of jar used. 

The azide jar procedure has been found to be satis- 
factory for the isolation of enterococci from samples of 
feces and of gram positive cocci from throat swabs. It 
has the advantage of not requiring special freshly pre- 
pared azide media. Typical results are shown in table 2. 
The azide jar technique appears to be slightly less 
inhibitive than is the use of azide-containing media. 
Isolation is sometimes made easier by the larger size of 
the colonies. The gradient-plate effect, with stronger 
inhibition at the edge of the plate, may be advanta- 


TABLE 1 
Growth on trypticase soy agar plates inoculated with a mixture 
of Escherichia coli and Streptococcus faecalis, incubated 
in an atmosphere of hydrazoic acid 


Temp Test for 
ays Hydra- 
Contents of Beaker cue zoic Results 
stan, Acid in 
Agar 
20 ml of 0.5% azide 37 - S. faecalis colonies, 
in 2.5 Nn HCl* chiefly in center of 
plate; smaller than in 
controls. 
20 ml of 2.5% azide 37 - Complete inhibition. 


in 2.5 n HCl 

20 ml of 0.5% azide | 30 + 
in 2.5 Nn HCl 

20 ml of 2.5% azide 30 + 
in 2.5 Nn HCl 

20 ml of 0.5% azide 
in distilled water 


Same as with 37 C 
bation. 
Same as with 37 C 
bation. 
Mixture of uninhibited 
colonies of £. coli and 
S. faecalis. 
faecalis colonies 
chiefly in center of 
plates; smaller than in 
controls. 


incu- 


incu- 


10 ml of 0.5% azide 37 a S. 
in 2.5 n HCl 


10 ml of 0.1% azide 37 +7 =. 
in 2.5 n HCl 


faecalis colonies 
larger than with higher 
concentrations; a few 
small EF. coli colonies. 
Mixture of uninhibited 
colonies of E. coli and 
S. faecalis. 


10 ml of 0.01% or 
0.05% azide in 2.5 
N HCl 





* 10 ml of 1.0 per cent sodium azide plus 10 ml of 5 N HCl. 
+ Weakly positive in agar; negative or doubtful in air of 
jar. 
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geous. Zones of beta hemolysis do not develop normally 
in the presence of the azide. Either 0.25 or 0.35 per 
cent azide solution in the jar appears to be satisfactory. 

Several water samples have been tested for strepto- 
cocci by the method described by Mallmann and 
Seligmann (1950) using Rothe’s azide dextrose broth, 
and by the use of azide-free dextrose broth in an azide 
jar. Confirmation of the presence of enterococci has 
also been carried out in ethyl violet azide broth (Litsky 
et al., 1955), and in ethyl! violet broth without azide in 
an azide jar. Typical results are shown in table 3. 


TABLE 2 
Use of the azide atmosphere jar for the isolation of gram positive 
cocci* 


Growth Conditions Results 


Feces Sample 1 


Jar containing 0.1% 
azide solution 
Jar containing 
azide solution 
0.02 and 0.05% 


agar 


Colonies in center of plate; entero- 
cocci and gram positive rods. 

Same as with jar containing 0.1% 
azide. 

Colonies 


0.25% 


smaller than in azide 


jars; enterococci only. 


azide 


Feces Sample 2 

Jar containing 0.25°% | Colonies of enterococci. 
azide solution 
Jar containing 


azide solution 


0.35% Colonies of enterococci in center 
of plate; smaller than in jar 
containing 0.25% azide. 

0.02 and 
agar 


0.05% azide Colonies of enterococci; smaller 
than in azide jars. 
Feces Sample 3 
Colonies of enterococci and gram 


variable rods. 


Jar containing 0.25% 
azide solution 
Jar containing 


azide solution 


0.35% | Colonies smaller than in jar con- 
taining 0.25°% azide; restricted 
to center of plate. 

Colonies smaller than in 
jars; enterococci only. 
Throat Swab 

hemolytic 


0.02 and 
agar 


0.05% azide azide 


Azide-free agar Alpha streptococci; 
beta hemolytic — streptococci 
and staphylococci; nonhemo- 
lytic streptococci and staphylo- 
cocci; bacilli. 

Same types of cocci as found on 
azide-free agar; no beta hemoly- 
sis evident. 


Jar containing 
azide solution 

Jar containing 0.35% 
azide solution 

0.02 and 0.03% 
agar 


Colonies smaller than in jar con 
taining 0.25% azide. 

Same results as in azide jars ex- 
cept colonies smaller. 

Pure Culture of Streptococcus 
pyogenes 

Colonies in center of plate; slight 
clearing under colony. 

Colonies smaller than in azide 
jars; nonhemolytic; zones of he- 
molysis developed upon stand- 
ing at room temperature. 


azide 


Jar containing 0.25 or 
0.35% azide solution 
0.02% azide agar 


* Basic medium: trypticase soy agar (BBL); blood added 
for throat swab and Streptococcus cultures. 
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Qualitatively, the results with the azide jar aid the 
azide media have always been identical. Quantita tively, 
they have been similar. The MPN has always been 
high or higher when the jar containing 0.25 per cent 
azide solution has been used. It can be seen from table 3 
that the use of the jar containing 0.5 per cent azide 
solution was found to be too inhibitive. 


Discussion 

Certain precautions in the use of azide-containing 
media are suggested by our results. (a) The media 
should be freshly prepared. The deterioration upon 
storage shown by Mallmann et al. (1941) may be ex- 
plained by the volatilization of hydrazoic acid. (b) 
Cultures of azide-sensitive gram negative bacteria 
should not be incubated in an incubator with media 
containing azide. It may be possible to get sufficient 
absorption to interfere with growth. (¢) Care should be 
taken in the use of azides in view of the poisonous 
nature of hydrazoic acid. 

The extreme volatility of the hydrazoic acid sug- 
gests that autoclaving might cause deterioration of 
azide-containing medium. In our experience this does 
not occur. This is in agreement with the reports of 
Snyder and Lichstein (1940), Mallmann et al. (1941), 
and others. 


SUMMARY 


Sodium azide in a medium, especially an acid one, 
has been shown to be transformed to hydrazoic acid. 


TABLE 3 
Use of an azide atmosphere for testing a water sample foi 
enterococci 
Presumptive Test 
Portions (ml) 


1 0.1 


Azide dextrose broth ‘ a 
broth in 0.25% 

azide jar + 
Dextrose broth in 0.5% 

azide jar.. = oo 


Dextrose 


Confirmatory Test 


Presumptive tubes from: 
I dextrose 
broth in 
0.5% 


azide jar 


Dextrose 
broth in 
0.25% 
azide jar 


Azide 
dextrose 


broth 


Portions (ml) 


10) 1 | 0.1 
Ethyl violet azide broth...... +, + 
Ethyl violet azide broth in | 
025% aside jaP..........<. 
Ethyl violet azide broth in 
0.5% azide jar........ 


+ + 


+ + 
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[his acid is highly volatile and therefore can diffuse 
through the air and be absorbed into a medium. Based 
upon this observation, a procedure for the use of sodium 
aide as an inhibitive agent for gram negative bacteria 
has been developed in which the cultures are incubated 
in a hydrazoie atmosphere. The atmosphere is pre- 
pared by placing a beaker of sodium azide solution, 
made by mixing 5 ml of 0.5 per cent sodium azide and 
jml of 5 N HCl, in a tightly closed 3500-ml jar. 
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A subject of interest to the author has been the pos- 
sible importance of an esterase in the germination and 
growth of Aspergillus niger. In an earlier investigation 
(Hannan, 1953) concerning the toxicities of some alkyl- 
substituted acids and esters, it was determined that the 


CH; 


vapors of the compound CH;CH:,C=CHCOOC;Hs, 
the ethyl ester of 3-methyl 2-pentenoic acid (bp 70 to 
7) C/20 mm), prevented the germination of A. niger 
spores. Also this compound was shown to be an esterase 
inhibitor in that it prevented the growth of the culture 
onan agar medium containing triacetin as the sole car- 
bon source. It only slightly affected growth of the cul- 
ture on an agar medium containing the hydrolytic 
products of triacetin, alone or in combination. It seemed 
logical therefore to determine the correlation, if any, 
between the ability of the toxic ester to prevent germi- 
nation and its property of esterase-inhibition. 

Because of the possible confusion in the use of the 
term “esterase,” or of “‘lipase,’’ the former term which 
isthe more general one will be used in this report. The 
substrate used in the present study is triacetin. A re- 
view of the literature indicates that this would be 
considered an esterase substrate by some researchers, a 
lipase substrate by others. For the purpose of this 
paper it will be considered an esterase substrate. 

Limited data are available on the presence or absence 
of esterases in spores. In Gottlieb’s excellent review of 
the physiology of spore germination (1950), mention is 
made of carboxylase, phaeohemin oxidase, catalase, 
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peroxidase, urease, glucosidase esterase, nuclease, in- 
vertase, chymase, amylase, and phytase in various 
organisms. With this great variety of enzymes in one 
or more organisms it would not be surprising if an 
esterase were present also to promote the hydrolysis of 
fats known to constitute a small fraction of the spore 
weight. 

The purposes of the present investigation were (a) to 
establish the presence of an esterase in the spores of A. 
niger and (b) to determine the effect of the toxic ester 
on such an enzyme. Positive results in each case would 
support the hypothesis that an esterase is vital to the 
germination of A. niger spores. 


MATERIALS AND METHODS 
Enzyme Extracts 


Spores. Cultures of A. niger van Tiegh strain ATCC 
6275 were grown on a liquid medium in 2-L Fernbach 
flasks. The composition of the medium is shown in 
table 1. 

After a week, the liquid was decanted off and the 
spores were harvested in the following manner: a thin 
wire was,fastened across the open end of an 8-mm 
diameter glass tube which served as a probe to be 
dragged across the mat of mycelium. A vacuum pump 
was used to suck the dislodged spores through the glass 
tube into a Seitz filter.1 In this way, large amounts of 
spores could be collected in a convenient manner. 


1 Available at most laboratory supply houses. 
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Approximately 1 g of dry spores was macerated 
with a tissue grinder in 5 ml of water containing 0.3 per 
cent gelatin, the temperature being maintained below 
10 C. Gelatin was used to prevent the adsorption of 
enzyme on the glass (Wilson, 1954). The resultant 
slurry was diluted to 25 ml, centrifuged, and the liquid 
drawn off. 

Mycelium. A. niger was grown in a shake culture 
maintained at 30 C for 2 days, at which time several 
spherical clumps of mycelium were removed, washed 
with water, and ground in the same manner as the 
spores. The resultant slurry, about 10 ml in volume, 
was not centrifuged. The composition of the liquid me- 
dium used is given in table 2 and it would be well to 
point out that in this particular medium the phosphate 
content was lowered for purposes to be explained later; 
also yeast extract was used to promote rapid germina- 
tion. 

Culture medium. The third source of enzyme used in 
this study was the above medium after growth of A. 
niger in it for 2 days. The volume of liquid in each flask 
was 40 ml. 


Method 


The intense dark color of the spore extract prevented 
the use of colorimetric methods for the detection of 
esterase activity. Instead, a pH meter was used to fol- 
low the hydrolysis of an unbuffered solution of triacetin 
in water (5 g per 1000 ml), with and without the source 
of enzyme. In each case, the test solution consisted of 
20 ml of the forementioned triacetin solution and 2 ml 
of the enzyme source. The pH was adjusted initially to 
7.0 and after 5 hr at room temperature the pH was re- 
adjusted to 7.0 by the addition of 0.01 m NaOH. The 
volume of alkali used in the latter titration is a direct 


TABLE 1 


‘Standard’? medium for growth of Aspergillus niger 


US Cee <p 3.0 ¢g 
MgSO,-7H:0............. ; 0.5 g 
|. | SE eee , 0.5 g 
UG : Ce rakes sce 2.0 ¢g 
MeO THO. ............ 0.01 g 
NUMMER sheesh ve.6 Si ass 5 ~ seit ic 200g 


Distilled water........ .To make 1000 ml 


TABLE 2 


Medium of low buffering capacity 


SLO Cee aoe 3.0 g 
NE ch tics ste ect’ 0.1 g 
ES : Sen 0.5 ¢ 
OSS.) (a a ema : : ee 0.03 g 
OC by IE Re en =x 0.5 g 
Yeast extract (Difeo)....... 30.0 g 
Glucose........ ces 10.0 g 
OS ee RO eRe & 3.0 ¢g 


Distilled water.......... 


.To make 1000 ml 
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measure of the free acid formed by the hydro/vsis oj 
triacetin. 


RESULTS 


The volume of alkali required to raise the pH of each 
solution to 7.0 after the 5-hr incubation period is re. 
corded in table 3. 

It is evident from these results that the only source 
of esterase activity was the mycelium slurry; the solu- 
tion of triacetin and this slurry required 1.38 ml of 
alkali before a pH of 7.0 was reached. The culture 
medium and the spore extract required the same 
amount of alkali as the control, about 0.10 ml, indi- 
cating that they possessed no esterase activity. 


Discussion 


Spores. The presence of an esterase in A. niger spores, 
capable of hydrolyzing triacetin, has not been demon. 
strated by the method used. It appears therefore that 
the toxicity of ethyl 3-methyl  2-pentenoate, 

CH; 
CH;CH2-C=CHCOOC:H;, to these spores must be 
attributable to some action other than esterase-inhibi- 
tion. Perhaps the toxic action is one of simple narcosis 
although this is merely speculation. 

It might be pertinent to point out that the toxic 
ester used here inhibits the esterase activity of a yeast 
suspension; also that it inhibits the phosphatase ae- 
tivity of raw milk (unpublished data, Naval Research 
Laboratory). It could be that the toxic action of the 
ester in question concerns the inhibition of phosphatase 
activity in the spores. 

The function of lipids in germinating spores of 4A. 
niger is still in question. One would imagine that they 
would serve a chemical function as a source of high 
energy food, but the results of the present investiga- 
tion do not affirm this. It may be that triacetin is less 
than ideal for the action of the particular hydrolytic 
enzymes present, in which case these enzymes might 
be undetected by the method used. 

On the other hand, the lipids may perform a physical 
function in the deployment of other components 
throughout the spore. The present investigation does 
not elucidate this possibility. 


TABLE 3 


Titrations of triacetin solutions after 5 hr of incubation 


Test Solutions MI 0.01 m NaOH 


Water (control)............. ey 0.10 
Culture medium........... e 0.12 
Mycelium slurry ............. 1.38 
Boore-extract ........5-...: 0.10 


Mycelium slurry (control, with- 
out triacetin) 


Alkaline, no OH~ needed 
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Mycelium. It had been known that A. niger could be 
sown on & Medium containing triacetin as the sole 
«rbon source. Therefore, it is not surprising that the 
sowing fungus possesses an esterase enzyme which 
ivdrolyzes the triglyceride. It is interesting, however, 
that the enzyme is not secreted into the culture medium. 

The detection of an esterase in the culture medium 
is complicated by the large quantity of organic acids 
produced during growth. These serve as_ buffering 
wents and make the end point of a titration less sharp 
than is desired. Although it was realized that the en- 
wme content of the medium might increase with time, 
and thus be easier to detect, the magnitude of the or- 
wni¢e acid production was such that the culture medium 
was tested for esterase activity only 2 days after 
inoculation. 
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SUMMARY 
Spores of Aspergillus niger were crushed, extracted 
with water, and tested for esterase activity. Under the 
conditions of test used in this study no esterase activity 
was detected. 
The mycelium of A. niger showed considerable 
esterase activity but none was detected in the medium 
on which the culture was grown. 
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The bacterial flora of metal cutting fluids has been 
extensively investigated in recent years and a variety 
of organisms have been isolated. Although pseudo- 
nonads are the most predominant contaminants, other 
organisms including staphylococci, enterococci, yeasts, 
molds, sulfate-reducing bacteria, and numerous enteric 
bacilli have been isolated from these products (Duffett 
tal., 1943: Weirich, 1943; Pivnick, 1952; Bennett and 
Wheeler, 1954; Pivnick and Fabian, 1954; Tant and 
Bennett, 1956; and Bennett, 1957). 

At this time investigators do not understand the 
manner in which these organisms produce spoilage of 
metal cutting fluids. No individual species isolated from 
these products has ever been observed to produce spoil- 
age under experimental conditions. The aerobic flora 
produces only a brownish discoloration and oil cap in 
laboratory studies whereas spoiled emulsions are always 
characterized by: (a) The presence of hydrogen sulfide 
amd other odors. (b) The bluing or darkening of the 
emulsion as a result of iron sulfide formation. (c) The 
breaking of the otherwise stable emulsion. 

These observations indicate that possibly spoilage is 
produced by several different organisms working to- 
gether and that sulfate-reducing bacteria may be in- 
volved in deterioration. Bennett (Unpublished Obser- 





vations, Gordon Research Conference, 1957) has 


postulated a two phase spoilage process, the first phase 
involving aerobic bacteria and the second involving 
anaerobic sulfate-reducing bacteria. The objective of 
this study was to investigate the possible existence of 
such a relationship. 
MATERIALS AND METHODS 

The culture of sulfate-reducing bacteria used through- 
out this study was obtained from Dr. R. L. Starkey, 
Rutgers University. The stock culture was maintained 
on medium I, a modification of M-10-E medium 
(Morita and ZoBell, 1955), and transferred every 4 to 
5 weeks. 


Medium I 


OS Lee ee ree ee ee eee 0.2¢ 
pt || a rear Tere 0.2¢ 
1 ee eee 1.0¢ 
"ES ae ny enna 0.1¢ 
Fe(SO4)3(NH4)2SO04-24HLO.... 2.2.22... 0.1¢g 
DE 5. hn ae 66 ke ee ne Rees 0.1¢g 
CN Se sre alia bys SANS yh eee 1.0¢ 
ee ee ee eee ree 1.0¢ 
IN oii git hen oe baer eeeeen 3.5 ml 


PINs ds wc venenagecacdehess 1000 ml 


(0.3 per cent agar was used for semisolid medium) 
The pH was adjusted to 7.0. 
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The culture was examined at regular intervals for 
purity by inoculating into thioglycolate broth (BBL)! 
and nutrient broth (Difco)? and incubating at 30 and 
55 C. The organism was not able to grow in nutrient 
broth. The thioglycolate medium supported slight 
growth of the organisms at 30 C, however, no growth 
oceurred at 55 C. Microscopic examination of the 
growth in the thioglycolate broth revealed typical gram 
negative vibrios identical to those of the original cul- 
ture. The organisms were subcultured 5 times in thio- 
glycolate broth and then returned to medium I where 
they produced growth characteristic of Desulfovibrio 
desulfuricans. 

The aerobic flora used in this study consisted of a 
mixture of bacteria that had grown in an emulsion for 
approximately 2 years. The mixture consisted pre- 
dominantly of pseudomonads. 

Unless otherwise stated, the emulsion used 
throughout the study was 4 per cent emulsion oil 
( ¥ 1270-RL-50)* containing no inhibitor. The emulsion 
is a highly buffered product at pH 8.3. Each emulsion 
or medium was prepared in duplicate and placed into 
6-0z prescription bottles in 150.0-ml quantities. 

The efficiency of any test medium in supporting the 
growth of sulfate-reducing bacteria was determined by 
subculturing a 1.0-ml portion into a fresh sample of the 
same medium and inoculating 1.0 ml into 20.0 ml of 
medium I. Medium I turned black within 48 to 72 hr 
of incubation at 30 C. Five such subcultures were con- 
sidered adequate to eliminate the possibility of a 
carry-over effect. 

Growth of pure sulfate-reducing bacteria in_ sterile 
emulsion oils. Twelve different commercial emulsions 
containing no inhibitor, were prepared in concentra- 
tionsrecommended by the manufacturer and sterilized at 
15 lb steam pressure for 15 min. Duplicate sets of each 
emulsion were inoculated with 5.0 ml of the culture of 
sulfate-reducing bacteria and incubated at 30 C for 3 
months. The samples were studied at weekly intervals 
for the presence of viable cells. 

Investigation of factors encountered under industrial 
conditions. Duplicate sets of each of the following media 
were prepared and sterilized at 15 lb steam pressure 
for 15 min. 

1. Emulsion 

2. Emulsion + 10.0 g of 40 mesh iron filings per 
bottle 

3. Emulsion + 0.01 per cent ascorbic acid 

4. Emulsion + 0.01 per cent sodium formaldehyde 
sulfoxylate 

5. Emulsion + 0.01 per cent ascorbic acid and 10.0 g 
of 40 mesh iron filings per bottle 

6. Emulsion + 0.01 per cent sodium formaldehyde 

1 Baltimore Biological Laboratories, Baltimore, Maryland. 


2 Difco Laboratories, Inc., Detroit, Michigan. 
3 The Texas Company, New York City, New York. 
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sulfoxylate and 10.0 g of 40 mesh iron filings per bottle. 

Each medium was inoculated with 1.0 ml of the gyl. 
fate-reducing bacteria culture. Additional sets were jp. 
oculated with 1.0 ml each of the aerobic and the sulfate. 
reducing bacteria and 1.0 ml of only the aerobic bye. 
teria. The bottles were incubated at 30 C for | month 
at which time they were examined for the presence of 
viable cells and subcultured into a fresh sample of the 
same medium. 

Effect of medium I on the growth of sulfate-reducing 
bacteria in emulsion oils. Duplicate sets of each of the 
following media were prepared and sterilized at 15 lh 
steam pressure for 15 min. 

1. Emulsion 

2. Emulsion + medium I 

3. Emulsion + medium I with 10.0 ¢ of 40 mes 
iron filings. 

One set of each medium was inoculated with 1.0 ml of 
the pure sulfate-reducing bacteria. Additional sets were 
inoculated with 1.0 ml of the aerobic flora and with 
1.0 ml each of aerobic and the sulfate-reducing bacteria, 
All of the emulsions were incubated at 30 C for i month, 
examined for the presence of viable cells, and subeul- 
tured into a fresh sample of the same medium. 

Effect of organic compounds on the growth of sulfate. 
reducing bacteria in emulsion oils. Duplicate sets of each 
of the following media were prepared and sterilized at 
15 lb steam pressure for 15 min. 

1. Emulsion + 0.35 per cent calcium lactate 
2. Emulsion + 0.1 per cent peptone 
. Emulsion + 0.1 per cent yeast extract 

One set of each medium was inoculated with 1.0 ml 
the pure sulfate-reducing bacteria. Additional sets were 
inoculated with 1.0 ml of the aerobic flora and with 
1.0 ml each of the aerobic and the sulfate-reducing bac- 
teria. The bottles were incubated at 30 C for 1 month, 
examined for the presence of viable cells and subcul- 
tured into fresh samples of the same media. 

Effect of inorganic salts on the growth of sulfate- 
reducing bacteria in emulsion oils. Duplicate sets ol 
“ach of the following media were prepared and sterilized 
at 15 lb steam pressure for 15 min. 

1. Medium II 

K,HPO, 

MgSO,-7H.O 

(NH,)SO, 

Na,SO; 

Fe(SO4)3(N H4)2SO,4-24H2O............ 
Emulsion (4 per cent) 

2. Medium II + 0.01 per cent ascorbic acid 

3. Medium II + 0.01 per cent sodium formaldehyde 
sulfoxylate 

4. Emulsion + 0.02 per cent K:HPO, 

5. Emulsion + 0.02 per cent MgSO,-7H,O 

6. Emulsion + 0.1 per cent (NH,).SO, 

7. Emulsion + 0.01 per cent NaSO; 
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8. Emulsion + 0.01 per cent Fe(SO,)3(N Hy)SO,- 
pH,O. 

One set was inoculated with 1.0 ml of the pure sulfate- 
ducing bacteria. Additional sets were inoculated with 
\0ml of the aerobes and with 1.0 ml each of the aerobic 
yd the sulfate-reducing bacteria. The bottles were 
cubated at 30 C for 1 month, examined for the pres- 
ace of viable sulfate-reducing bacteria, and subcul- 
wed into fresh samples of each medium. 

{ESULTS 

All 12 of the sterile, uninhibited metal cutting fluids, 
shich are known to deteriorate under industrial condi- 
tions, failed to support the growth of pure sulfate- 
rducing bacteria. After 3 months of incubation, no 
visible change could be observed in the emulsions and 
it was impossible to recover viable cells in medium I 
ater 3 weeks. The failure of repeated attempts to pro- 
duce the typical spoilage experimentally indicated that 
ye cultures of sulfate-reducing bacteria were unable 
i) grow in metal cutting fluids. It was obvious that 
alditional factors were necessary for the growth of these 
ovanisms and the production of spoilage. 

In table 1 it may be seen that the addition of iron 
flings and the reduction of the oxidation-reduction 
potential did not result in growth of the sulfate-reducing 
bacteria. The sulfate-reducing bacteria did not grow in 
pure culture or with the aerobes. However, the aerobes 
sew and produced the usual brownish discoloration in 
each medium. Since spoilage did not develop in any of 
the emulsions, these factors could not be considered of 
rimary importance. 

In table 2 it may be seen that even the addition of 
nedium I to the emulsion did not result in spoilage or 
seowth of the pure cultures of sulfate-reducing bacteria. 
Xo visible change occurred in the emulsion and viable 
cells could only be recovered in medium I after two 
subcultures. However, the emulsion containing the mix- 
ture of aerobic and sulfate-reducing bacteria spoiled 
within 48 hr after inoculation. After 1 week the emul- 


TABLE 1 


Effect of factors encountered under industrial conditions 
Growth 


Media Mixture 


Sulfate- 

a Aerobes 
only | only Sulfate- 
reducers 


Aerobes 


Emulsion + iron filings. . . = a 
Emulsion + ascorbic acid. = a 
Emulsion + sodium for- 

maldehyde sulfoxylate + 
Emulsion + ascorbie acid 

and iron filings. . + 
Emulsion + sodium for- 

maldehyde sulfoxylate 
and iron filings... .... 
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sion had turned black and had completely separated 
into the oil and water phases. It was possible to transfer 
the organisms through five consecutive subcultures 
with no reduction in spoilage. The control containing 
the aerobic flora developed the brownish discoloration 
and oil cap in all five subcultures. The addition of iron 
filings had no effect on either the growth of the organ- 
isms or the spoilage of the emulsion. 

It was apparent from these results that the factors 
necessary for the spoilage process could be supplied by 
medium I in the presence of both aerobic and sulfate- 
reducing bacteria. As shown in table 3 the organic com- 
ponents of medium I did not support the growth of 
sulfate-reducing bacteria through five subcultures even 
in the presence of the aerobic flora. The addition of any 
one organic compound to the emulsion was very un- 
satisfactory. Both calcium lactate and peptone sup- 
ported the growth of the sulfate-reducing bacteria in 
the presence of the aerobes but the spoilage was much 
less intense than when the complete medium I was used. 
The emulsion turned only dark blue-gray in color with 
a heavy creamy appearance. Both of these conditions 
disappeared and viable cells could not be recovered in 
medium I after the third subculture. Yeast extract had 
no effect on the growth of the sulfate-reducing bacteria 
and no visible change occurred in the emulsion. The 
aerobes produced only the brownish discoloration and 
oil cap, and no visible change could be observed in any 
of the emulsions when inoculated with only the pure 
sulfate-reducing bacteria. 


TABLE 2 
Effect of medium I on the growth of sulfate-reducing bacteria in 
emulsion oils 


Growth Mixture 


| Growth 
Aerobes |———— 





: | 
Media Sulfate- | oe 
reducers : [PoE pe or 
only only Sulfate- | Aerobes |emulsion 
reducers | 


Emulsion only........ | 
- ‘ : | 
Emulsion + medium I. — | 


TABLE 3 
Effect of organic compounds on the growth of sulfate-reducing 
bacteria in emulsion oils 


Growth Mixture 





| 
No. times 

spoilage 
trans- 
ferred 


Media Sulfate- ia Growth 
reducers | © only oe ] 
only | Sulfate- | 

| | reducers | 


Aerobes 


Xmulsion + 0.35 per 

cent calcium lactate. | } 
Emulsion + 0.1 per 

cent peptone........ 
Emulsion + 0.1 per 

cent yeast extract.. 
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The results in table 4 show that the presence of in- 
organic salts (medium II) produced spoilage within 1 
week when inoculated with both aerobic and sulfate- 
reducing bacteria. Typical spoilage was maintained 
through five subcultures and sulfate-reducing bacteria 
were recovered in medium I from each set. The presence 
of reducing agents caused spoilage to develop earlier, 
but there was no apparent difference of the degree of 
spoilage. The addition of any single salt to the emulsion 
failed to produce spoilage even in the presence of both 
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The results of the present investigation prove the 
existance of a heretofore unrecognized interrel: tionship 
between sulfate-reducing bacteria and the aerobje 
heterotrophic flora in the deterioration of emulsion oils 
This study reveals that the sulfate-reducers are yo) 
only associated with but are actually dependent upoy 
the aerobic flora in producing their destructive effects 

The most obvious relationship between the ty 
groups of organisms could involve a reduction of the 
oxidation-reduction potential. ZoBell and Rittenber 
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aerobic and sulfate-reducing bacteria. The aerobes and 
the sulfate-reducing bacteria failed to spoil any of the 
emulsions when used separately although the aerobes 
did grow, producing the brownish discoloration and oil 
cap in each case. 


(1948) reported that a reduced medium with an Eh of 
—.10 to —.30 volts was optimum for the growth of 
sulfate-reducing bacteria. Since pseudomonads are 
capable of lowering the Eh to a value of —.10 to —.29 
volts, it may be assumed that the aerobes provide ay 
Kh in the emulsions optimum for the growth. of the 
sulfate-reducing bacteria. Heukelekian (1948) reported 
that the elimination of the heterogenous flora in sewage 
prevented the sulfate-reducing bacteria from producing j.yye1 
sulfide unless the Eh was artificially reduced by theff in 1 
addition of some reducing agent. In the present study Pe 
the addition of either ascorbic acid or sodium formalde. *"" 
hyde sulfoxylate did not produce spoilage or growth o/ 
the pure cultures of sulfate-reducers. 

The emulsions collect a considerable quantity of iron 
filings during use. It has been reported that sulfate. 
reducing bacteria are unable to grow in the absence of 
iron, that no autotrophic growth takes place in the 
absence of hydrogen (Butlin et al., 1949), and that mili 
steel will act as a hydrogen donor (Butlin and Adams, 
1947). In view of these reports, there is a possibility 
that an iron source as well as an anaerobic atmosphere 
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DISCUSSION asentls 


Bennett (1957) isolated sulfate-reducing bacteria 
from used emulsion samples and in the presence of con- 
taminated cultures of these organisms he observed the 
typical spoilage of emulsion oils for the first time under 
experimental conditions. 

Although sulfate-reducing bacteria have been impli- 
cated in the spoilage of emulsion type cutting oils 
(Bennett, 1957), there is no information in the literature 
concerning the actual manner in which these organisms 
might be involved. Until recently, the aerobic flora, 
composed mostly of Pseudomonas species, has com- 
pletely monopolized the attention of the majority of 
workers, yet these organisms alone have never been 
shown to produce the typical spoilage of an emulsion in 
the laboratory. Instead, only a brownish discoloration 
and a surface oil cap may be observed. 


hae! 


is necessary for spoilage. However, in this study neither 
of these factors, either separately or together, could 
produce typical spoilage. 

When the complete medium I was incorporated into 
the emulsion, spoilage occurred within 48 hr in the 
presence of both the aerobes and the sulfate-reducing 
en ee Spoilage bacteria. Apparently medium I contained some factors tucin 
redure= | only | Sulfate- a Ae either contributory to, or possibly even essential for, 

scacesse the spoilage process. This was further supported by the 

fact that the spoilage continued through five subcul- 

tures, thus eliminating the possibility of a carry-over I 

effect. The organisms were obviously growing and 
actively metabolizing in each subculture. 

The organie components of medium I did not support 
growth of the sulfate-reducing bacteria through fivegf "sani 
subcultures even in the presence of the aerobes. On thegf!und 
other hand, in the presence of the inorganic salts sulfide 
aerobes and sulfate-reducing bacteria, typical spoilage these I 
occurred through all five subcultures. Thus inorganic iles W 
salts appear necessary or at least contributory tos n 
spoilage. N35b ) 

Since pure cultures of sulfate-reducing bacteria conf!" sr 
sistently failed to produce typical spoilage, the aerobi(ff ip), 
flora as well as certain nutritional factors must be nece* 


TABLE 4 
Effect of inorganic salts on the growth of sulfate-reducing bacteria 
in emulsion oils 


(uy) 


Growth Mixture 


Media Growth 


ESTE | a ~ ~ 4. 
Medium II + ascorbic 

aeid....... + 
Medium IT + sodium 

formaldehyde _ sulf- 

OU ee 
Emulsion + 0.02 per 

cent K,HPOg,..... 
Emulsion + 0.02 per 

cent MgSO,-7H20... 
Emulsion + 0.1 per 

cent (NH,4).SOx,. 
Emulsion + 0.01 per 

cent NaoSQO3........ 
Emulsion + 0.01 per 

cent Fe(SO,4)3- 
(NH,4)2SO0,4-24H2O...) 
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arty. Considering the shorter initial lag period and 
qneration time of the pseudomonads, it is logical to 
jsume that these organisms precede the growth of the 
alfate-reducers. The heterotrophic organisms may alter 
y produce certain compounds essential for the later 
gowth of sulfate-reducing bacteria. 


SUMMARY 


It has been shown that spoilage of emulsion cutting 
ils is the result of the combined activities of two 
jistinet. types of microorganisms. The organisms in- 
ylved were found to be anaerobic sulfate-reducing 
jcteria and a variety of heterotrophic aerobic bacteria 
ihemajority of which belong to the genus Pseudomonas. 
It was also shown that certain inorganic salts were 
asential for deterioration. 
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Guynes and Bennett (1959) have reported that some 
im of interrelationship between aerobic and sulfate- 
reducing bacteria is involved in the deterioration of 
euulsion oils. These found that sulfate- 
ducing bacteria could not grow in an emulsion unless 
imixed aerobic flora was present and that growth of 
both groups of organisms resulted in the spoilage of the 
product. 

There are several reports in the literature concerning 
the dependence of sulfate-reducing bacteria on other 
iyanisms. Heukelekian (1948) and Butlin et al. (1956) 
fund that sulfate-reducing bacteria produced little 
illfide when inoculated into sterile sewage. However, 
these bacteria produced considerable quantities of sul- 
lies when accompanied by an inoculum of other organ- 
ims normally found in sludge. Kimata et al. (1955a, 
5b) reported that sulfate-reducing bacteria could 
wot grow in the presence of many different carbon and 


workers 


'This investigation was supported by a Fellowship from the 
Master Chemical Corporation, Toledo, Ohio. 


nitrogen sources unless other bacteria were present. 
These workers concluded that sulfate-reducing bacteria 
were dependent upon other bacteria for the adjustment 
of the oxidation-reduction potential and the synthesis 
of unidentified essential compounds. 

The objective of the present investigation was to 
study the nature of the relationship between aerobic 
and sulfate-reducing bacteria in the deterioration of 
emulsion oils. 


EXPERIMENTAL METHODS 


The culture of Desulfovibrio desulfuricans, the mixed 
culture of aerobic bacteria, the media, and emulsion 
used throughout this investigation was the same as 
that used by Guynes and Bennett (1959). 

Growth of sulfate-reducing bacteria was determined 
by qualitative tests for hydrogen sulfide and by re- 
covery of viable sulfate-reducing bacteria in M-10-E 
medium (Morita and ZoBell, 1955). All tubes were in- 
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cubated for 30 days before they were considered positive 
or negative for growth of sulfate-reducing bacteria. 

All samples inoculated with pure cultures of sulfate- 
reducing bacteria were studied for contamination by 
inoculating one loopful of the culture into 4.0 ml of 
sterile nutrient broth (Difco).2 The broth tubes were 
incubated at 31 C for 48 hr and examined for turbidity. 

In some of the experiments the following inorganic 
salts were dissolved in 1 L of cutting fluid or cutting 
oil component: 


Medium III 


Inorganic salts composition 


Na.SO;-7H,O 

(NH,)2S0, 

Fe2(SOx4)3(N Hy) S04 . 24H.O 
Ascorbic acid 


Effect of different carbon and nitrogen sources on the 
growth of sulfate-reducing bacteria in an emulsion. The 
following compounds were added to individual samples 
of medium II (Guynes and Bennett, 1959) in a 0.1 per 
cent final concentration: succinic acid, lactie acid, 
L-malic acid, sodium formate, glycine, pt-alanine, 
fumaric acid (trans), DL-serine, L-glutamic acid, and 
DL-aspartic acid. 

Each of the following mixtures were added to 


medium II in sufficient amounts to give a 0.5 per cent 
final concentration of the mixture: 


Mixture 1 Mixture 2 


pL-Alanine 

L-Arginine 
pL-Aspartic acid 

L-Cystine 
pL-Glutamic acid 
pL-Glycine 

Mixture 3 

pL-Norleucine 
pL-Phenylalanine 

L-Proline 
DL-Serine 
pL-Threonine 


L-Histidine 

L-Hydroxyproline 
pL-Isoleucine 
pL-Methionine 
pL-Lysine 


Mixture 4 
pL-Tryptophan 
L-Tyrosine 
pL-Valine 
Adenine 
Guanine 
Uracil 


The four mixtures were also combined and added to 
samples of medium II in sufficient quantities to give a 
1.0 per cent concentration of the combination. Samples 
of a 4.0 per cent emulsion and of medium II were in- 
cluded as controls. 

All samples were autoclaved at 15 lb steam pressure 
for 20 min and divided into two identical, duplicate 
sets. One set was inoculated with 1.0 per cent of the 
culture of D. desulfuricans; the second set was inocu- 


2 Difeo Laboratories, Inc., Detroit, Michigan. 
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lated with sulfate-reducing bacteria and the mixture of 
aerobic bacteria (1.0 per cent of each culture), Th 
emulsions were incubated for 120 days at 31 ©, 

Effect of the emulsion oil on the growth of sulfaty. 
reducing bacteria in M-10-E medium. The oil concen. 
trate was added to duplicate sets of M-10-E medium, 
in concentrations of 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 08 
1.2, 2.0, 2.4, 2.8, 3.2, and 3.6 per cent. The tubes wer 
autoclaved at 15 lb steam pressure for 15 min and 
inoculated with 0.5 ml of D. desulfuricans. They were 
then incubated at 31 C for 30 days. 

Effect of the components of emulsion oils of the grow 
of sulfate-reducing bacteria. The emulsions oil compo- 
nents were studied in the following concentrations: 

RO 56 gta kik law Dose pionad 0.50 

SN a dngud.'9) ois 9 4 'oonolats 0.16 

Sodium naphthenates.................... 0.16 

Triethanolamine oleate 

Petroleum sulfonates..................... 1.50 

Pale oil 

Naphthenic acids........................ 0.26 

Gum rosin 


Each component (4.0 parts) was triturated with 
powdered acacia (1.0 part), powdered gum tragacanth 
(0.1 part), and tap water (2.0 parts) until an emulsion 
base was formed. Medium III was added and the 
emulsion was then diluted to 1 L with tap water and 
blended in a mechanical homogenizer to obtain a more 
stable product. Fifty ml of the component emulsion 
were added to each of four bottles, and four controls 
were made by adding 1.0 per cent acacia, 0.1 per cent 
tragacanth (their maximal concentrations in the com- 
ponent emulsions), and the inorganic salts to 50 ml o/ 
distilled water. The four sets of components and con- 
trols were autoclaved at 15 lb steam pressure for 15 
min. One duplicate set was inoculated with 1.0 ml o 
pure sulfate-reducing bacterial culture, and the second 
set was inoculated with 1.0 ml of mixed aerobic culture 
and 1.0 ml of sulfate-reducing bacteria. 

All samples were incubated at 31 C for 30 days and 
then subcultured 4 times by inoculating 0.5 ml of the 
30 day old culture into sterile samples prepared in au 
identical manner as before. Each subculture was inct- 
bated at 31 C for 30 additional days before the next 
subculture was made. 

Effect of prior growth of aerobic bacteria on the growth 
of sulfate-reducing bacteria in an emulsion oil. Five: 
hundred ml of the emulsion in tap water were inoculated 
with 10.0 ml of the mixture of aerobic bacteria and 
incubated with constant aeration at room temperature 
for 1 week. 

The emulsion was then filtered through 4 in. ¢ 
Filter-Cel® held between two Whatman No. 50! filter 

§ Johns-Manville, Houston, Texas. 

‘ Obtainable at laboratory supply houses. 
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Liixture of 
ure). The 
C, 
of sulfate. 
il concen. 
medium, 
», 0.6, 0.8, 
ubes were 
min and 
They were 


pipers. The filtrate was refiltered through a Millipore 
‘Iter? into a chemically clean, sterile flask. 

The filtrates were added aseptically to sterile screw 
ap bottles in 50.0-ml quantities. The bottles were then 
jivided into four sets: 

Set 1 contained no additives. 

Set 2 contained 0.5 of a sterile 10 per cent sodium 
ketate solution. 

Set 3 contained 0.5 ml of a sterile 10 per cent 
Feo(SOx)s(N H4)3SO,-24H20 solution. 

Set 4 contained 0.5 ml of the sodium lactate solution 
yd 0.5 ml of the ferric ammonium sulfate solution. 

Five-hundred ml of fresh emulsion in tap water were 
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tions: iltered by the same procedure and samples were pre- 
% pred and treated as before. 
- 0.0 The experiment was done in duplicate and each 
= 0.16 bottle was inoculated with 0.5 ml of a culture of D. 
- 0.16 sulfuricans and incubated for 120 days at 31 C. 
0.04 Effect of adsorbents on the growth of sulfate-reducing 
a hdlerta in an emulsion oil. Six sets of bottles were filled 
0.95 vith 50.0 ml of a 4 per cent emulsion oil made in 
"* **" Biistilled water and various ingredients were added as 
+ O08 follows: 
ated with Set 7 contained 2 per cent bentonite (USP). 
ragacanth# Set 2 contained 2 per cent bentonite and medium 





1 emulsion 
| and the 
water and 
in a more 
emulsion 
r controls 
l per cent 
the com- 
» 50 ml of 
and con- 
re for 1) 
1.0 ml of 
he second 
pic culture 


Ill. 

Set 3 contained 2 per cent charcoal (cocoanut, 80 
mesh, roasted at 800 C for 2 hr, washed with distilled 
water. 

Set 4 contained 2 per cent charcoal and medium IIT. 

Set 5 contained 2 per cent kieselguhr. 

Set 6 contained 2 per cent kieselguhr and medium 
Ill. 

The bottles were autoclaved at 15 lb steam pressure 
lr 15 min and then shaken for 4 hr on a mechanical 
taker at approximately 200 oscillations per min. The 
bottles were then inoculated with 1.0 ml of a pure cul- 
ture of sulfate-reducing bacteria and incubated at 31 C 
ior 30 days. 

Sets 3 and 4 were subcultured 4 times at 30 day inter- 
vals by inoculating 0.5 ml of the 30 day sample into 
terle samples prepared in an identical manner as 
iefore. The subcultured samples were incubated at 
LC for 30 additional days before subsequent subcul- 
llres Were made. 
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RESULTS 





A total of 32 different carbon and nitrogen sources 
vere studied for their ability to support growth of 
ulfate-reducing bacteria in the emulsion. None of the 
tompounds were able to substitute for the aerobic flora 
ind support growth of the sulfate-reducing bacteria. 
lhsome instances, it was noted that the addition of 
‘ganic compounds to the emulsion actually surpressed 


perature 


14 in. of 
50* filter 






*Millipore Filter Corp., Watertown, Massachusetts. 
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the growth of the sulfate-reducing bacteria even in the 
presence of the aerobic flora and inorganic salts. 

An experiment was performed to determine if the 
emulsion was inhibitory for sulfate-reducing bacteria. 
The results of the experiment are given in table 1. The 
data show that sulfate-reduction was inhibited in 
M-10-E medium when more than 0.8 per cent of the 
emulsion was present and that sulfides were produced 
in decreasing amounts from 0.0 to 0.8 per cent cutting 
oil. 

An attempt was made to determine which compo- 
nents of emulsion oils are inhibitory for sulfate-reducing 
bacteria and if they inhibit growth as well as sulfate- 
reduction. Table 2 lists the results of this experiment 
(based upon the fourth subculture of the samples). The 
results show that sodium sulfonates, sodium resonates, 
sodium naphthenates, petroleum sulfonates, naphthenic 
acids, and gum rosin inhibit the growth of sulfate- 
reducing bacteria. 

These results suggest that the aerobic flora oxidize 


TABLE 1 
Inhibition of sulfate-reducing bacteria by a cutting emulsion 








Per Cent Oil Concentrate in 
M-10-E Medium 


Production of Sulfide 


| 





0.0 Be a 3 
0.1 +++ 
0.2 ++ 
0.3 ae 
0.4 oe 
0.5 = 
0.6 + 
0.8 = = 
1.2 — 
2.0 = 
2.4 = 
2.8 - 
3.2 _ 
3.6 _ 


TABLE 2 


Growth of Desulfovibrio desulfuricans in components of cutting 











oils 
Emulsified Components _— | aa 
Bacteria 
Podinin aullonates.... 65 62. os esc dcecss oe + 
Sodium. resonates. 2... . . i. ec ceee ae _ + 
Sodium naphthenates.................. _ + 
Triethanolamine oleate................ + | + 
Petroleum sulfonates. ................. _ + 
EROS SR cee ae ne + + 
INMDMUNGH IC QOIIO 6.0. ey 5iscc. cs ccaencies ~ + 
mRNA ec ge 8 la ve yi ie _ + 
Acacia and tragacanth control......... + + 


Distilled water control................ — 


Expressed as positive or negative for sulfides present in 
the fourth subculture. 
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inhibitory substances of the emulsion, thereby per- 
mitting subsequent growth of sulfate-reducing bacteria. 
Table 3 summarizes an experiment designed to investi- 
gate this possibility. The data showed that prior growth 
of the aerobic flora was required for sulfate-reducing 
bacteria, but that their presence in the emulsion with 
the sulfate-reducing bacteria was not essential. The 
sulfate-reducing bacteria were more active when a car- 
bon and nitrogen source was supplied, but did not re- 
quire these additives for growth or the production of 
spoilage. 

Adsorbent materials are known to increase growth of 
bacteria in systems containing low concentrations of 
nutrients (Mitchell, 1951; ZoBell, 1943) and systems 
containing toxic or inhibitory substances (Pollock, 
1947; Teitaro, 1953; Hirsch, 1954; and Gorelick et al., 
1951). Table 4 shows that adsorbents allowed growth 
of sulfate-reducing bacteria in the presence of inorganic 
salts. The set containing charcoal was transferred 
through four subcultures and was positive for viable 
sulfate-reducing bacteria on the last subculture. Hydro- 
gen sulfide production and spoilage in all positive sam- 
ples was comparable to that in the emulsion containing 
aerobic and sulfate-reducing bacteria. 


TABLE 3 
Effect of prior growth of aerobic bacteria on the growth of 
sulfate-reducing bacteria 


Viable 
Sulfate Sulfate- 
Emulsion Inoculum Before Additives Reduction Reducing 
Sample Filtration ‘ . at 120 Bacteria 
Days at 120 
Days 
1 Aerobie bacteria None + + 
2 Aerobic bacteria 0.16% FAS* - + 
3 Aerobie bacteria 0.1% Lactate a + 
4 Aerobic bacteria 0.1% FAS and lae- ++ + 
tate 
5 None None _ + 
6 None 0.1% FAS _ _ 
7 None 0.1% Lactate _ _ 
8 None 0.1% FAS and lac- = + 


tate 


* FAS = ferric ammonium sulfate. 
All samples were inoculated with a pure culture of Desulfo- 
vibrio desulfuricans after they were filtered sterile. 


TABLE 4 
Effect of adsorbents on growth of sulfate-reducing bacteria in a 
cutting fluid 


Adsorbent Additives Per — 
Bentonite. . None 0 
Bentonite. ... Medium III 100 
Charcoal... None 10 
Charcoal...... Medium III 100 
Kieselguhr None 10 

100 


Kieselguhr 


Medium ITI 


|VOL, 7 


DISCUSSION 


Guynes and Bennett (1959) have reported (hat ad. 
justment of the oxidation-reduction potential is not the 
prime factor involved in the relationship betweep 
aerobic and sulfate-reducing bacteria in the deteriora. 
tion of emulsion oils. The next obvious rel:tionship 
would involve the production of nutrients by the 
aerobic flora for growth of sulfate-reducing bacteria. 

Pseudomonads constitute the predominant aerobic 
flora of cutting emulsions (Lee and Chandler, 194): 
Duffett et al., 1943; Pivnick and Fabian, 1954; and 
Tant and Bennett, 1956), and these bacteria are capable 
of oxidizing the coolants (Okawaki, 1953; Pivnick et al. 
1955; Sabina and Pivnick, 1956; and Ellis et al., 1957). 
Pseudomonads have been reported to produce ap- 
preciable quantities of succinic, valeric, formic, pyruvic, 
glutamic, and aspartic acids, glycine, serine, alanine, 
and peptides while growing in various media (Senez 
and Mazoyer, 1956; Imelik, 1948; and Dagely and 
Johnson, 1956). All of these compounds have been 
found to serve as energy sources for sulfate-reducing 
bacteria (Kimata et al., 1955b; Postgate, 1951; and 
Baars, 1930). However, none of these compounds or 
others could replace the aerobic flora of cutting oils 
and support growth of the sulfate-reducing bacteria. 
In the presence of the aerobic flora the compounds were 
inhibitory for sulfate-reducing bacteria. This  indi- 
cated that a nutritional relationship is not the primary 
factor involved in the interrelationship between sulfate- 
reducing and aerobic bacteria. 

The prime factor of the commensal association be- 
came evident when the emulsion and the components 
of emulsions were shown to inhibit sulfide formation 
and growth of the sulfate-reducing bacteria. How- 
ever, sulfate-reducing bacteria were capable of pro- 
ducing spoilage if the aerobic flora had_ previously 
grown in the emulsion. Since lowering of the oxidation- 
reduction potential and furnishing nutrients have 
been eliminated as prime factors, the aerobic bacteria 
were undoubtedly oxidizing components of the emul- 
sion to a level where they were no longer inhibitory 
for sulfate-reducing bacteria. 

The effect of adsorbents on the growth of sulfate- 
reducing bacteria gave additional proof that aerobic 
bacteria oxidize inhibitory substances of the cutting 
fluid. Many workers have suggested that adsorbents 
may aid growth of bacteria when inhibitory substances 
are present in the medium (Pollock, 1947; Teitaro, 
1953; Hirsch, 1954; and Gorelick et al., 1951), and it 
can be seen that growth of a pure strain of sulfate- 
reducing bacteria did occur when adsorbents and 
inorganic salts were present. 

The nutritional studies also indirectly support 2 
process of detoxification by the aerobic flora. Sulfate- 
reducing bacteria did not grow in the emulsion in the 








1959] 


presence 
malate, 
were a 
hydroe: 
or prot 
attack 
earbons 
erential 
oxidize 

In ¢ 
dicate 
suppor’ 
cutting 
the em 
hacteri 
flora ¢ 
hacteri 
by low 
emulsic 


An 
hetwee 
emulsi 
the ae 
sion V 
Lower’ 
produc 
cussed 
late gi 
produc 


Baars, 
Dis 
BEERS 
Pre 
Burin 
Sul 
J. 
DAGEL 
aci 
gre 
Ae 
DUFFE 
Ne 
ter 
ELLIS, 
Ri 
po 
GOREL 








OL. 7 


it ad. 
It the 
tween 
riora- 
nship 
y the 
ria, 
robie 
194]. 
; and 
pable 
et al., 
1957), 
e ap- 
ruvic, 
anine, 
Senez 
y and 
been 
lucing 
> and 
ids or 
2 oils 
teria. 
s were 
indi- 
imary 
ilfate- 


yn be- 
nents 
nation 
How- 
f pro- 
jously 
jation- 

have 
vcteria 
emul- 
bitory 


ulfate- 
erobic 
‘utting 
rbents 
tances 
eitaro, 
and it 
ulfate- 
s and 


port a 
ulfate- 
in the 








1959] BACTERIAL DETERIORATION OF EMULSION OILS. II 125 


presence of an aerobic flora when nutrients such as 
malate, lactate, formate, glycine, alanine, and serine 
vere added. Beerstecher (1954) reported that most 
ivdrocarbon-utilizing bacteria prefer carbohydrates 
“ proteins for growth and that they will preferentially 
attack these compounds when present with hydro- 
arbons. It is possible that the aerobic bacteria pref- 
erentially attacked the added nutrients and did not 
oxidize the toxic components of emulsion. 

In conclusion, the results of this investigation in- 
dicate that the primary role of the aerobic flora in 
supporting growth of sulfate-reducing bacteria in 
cutting emulsions is via oxidation of constituents of 
the emulsion that are inhibitory for sulfate-reducing 
bacteria. Secondarily, it is possible that the aerobic 
fora contributes to the growth of sulfate-reducing 
bacteria by furnishing nutrients for their growth and 
by lowering the oxidation-reduction potential of the 
emulsion. 


SUMMARY 


An investigation of the commensal relationship 
between aerobic and sulfate-reducing bacteria in 
emulsion oils is reported. Evidence is presented that 
the aerobie bacteria oxidize components of the emul- 
sion Which are toxic for sulfate-reducing bacteria. 
Lowering of the oxidation-reduction potential and 
production of nutrients by the aerobic flora are dis- 
cussed as possible secondary factors which may stimu- 
late growth of the sulfate-reducing bacteria in these 
products. 
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The common drinking cup and hand towel are un- 
common sights today in most public places in this 
country. Multiple usage of these items decreased as 
the potential health hazards of such objects were 
better understood. In the past, improperly cleaned 
eating utensils have been shown to harbor pathogenic 
organisms (Cumming et al., 1920; Saelhof and Heine- 
kamp, 1920; and Lyons, 1936), but satisfactory pro- 
cedures have been developed for cleaning and sanitizing 
such utensils for either institutional or domestic use 
(Mallmann et al., 1947; Flett and Guiteras, 1952; and 
Walter, 1955). Few individuals would consider storing 
used silverware until the next meal without cleaning, but 
this is a common practice among musicians using mouth- 
pieces of wind instruments. In some schools several 
people play the same musical instrument and use the 
same mouthpiece. In other cases there have been 
reports of such accumulations in the shank of the 
mouthpiece that tones have been impaired and blowing 
has been difficult. Because of these conditions, several 
band directors requested information and suggestions 
regarding proper methods for cleaning and sanitizing 
mouthpieces. 

In preliminary investigations, Ogg and Walter (1951) 
noted that musical instrument mouthpieces sometimes 
harbor thousands of microorganisms. They also found 
that the number of organisms could be reduced ma- 
terially by hand brushing the mouthpieces in a com- 
mercial detergent and subsequently rinsing them in a 
sanitizer solution. 

The present report concerns further studies re- 
garding the number of microorganisms found in differ- 
ent types of mouthpieces, and a practical method for a 
group of musicians to clean and sanitize their wind 
instrument mouthpieces quickly by brushing them in 
a single solution. 


MATERIALS AND METHODS 


Bacteriological studies. To determine the number of 
bacteria in the rim, bowl, or shank of a mouthpiece, 
alginate swabs were moistened prior to use in 4 ml of 
sterile phosphate solution, buffered at pH 7.2, con- 
tained in screw cap vials (Tiedeman et al., 1948). 
After swabbing, the swabs were dissolved in the vials 


1Data contained in table 5 received as an addendum on 
January 6, 1959. 
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by the addition of 0.5 ml of an autoclaved 10 per 
cent solution of sodium hexametaphosphate (Calgon): 
and subsequent agitation 1950). Serial 
dilutions made where and routine 
plating techniques were followed employing a standard 
plate count medium (M-PH medium-BBL).* Incuba- 
tion was at 35 C for 48 hr and counts are reported as 
numbers of bacteria recovered per mouthpiece. 

Cleaning and sanitizing methods. Various techniques 
common among musicians were tried in an effort to 
determine how effective they were in removing bacteria 
from a mouthpiece. The method finally employed 
utilized a stainless steel tank about 16 em wide, 40 
em long, and 20 em deep to which 12 L of tap water 
containing a commercial detergent-sanitizer of recom- 
mended strength was added. Different types and 
sizes of brushes, used for cleaning laboratory glassware, 
were inserted into rubber suction cups and_ pressed 
onto the bottom of the tank so that they were held 
stationary (figure 1). The most satisfactory brush which 
was small enough to clean the shank of a trumpet or 
French horn mouthpiece was a Fuller* nylon brush 
recommended for cleaning electric razors. 

The cleaning and sanitizing operation was performed 
by moving the mouthpiece up and down over a suitable 
brush 15 to 30 times within a period of 30 to 60 see. 
In some instances it was necessary to use one brush 


(Higgins, 


were necessary 


2 Calgon Incorporated, Pittsburgh, Pennsylvania. 
’ Baltimore Biological Laboratories, Baltimore, Maryland 
‘ Fuller Brush Co., Hartford, Connecticut. 





Figure 1. Different types of brushes for cleaning musical 
instrument mouthpieces cemented into rubber suction cups. 
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jor the shank and another of greater diameter for the 
howl and rim. Sometimes the mouthpiece was shaken 
to remove any excess liquid before playing or storing. 


RESULTS AND DISCUSSION 


Preliminary studies were conducted in the laboratory 
by blowing a trumpet and a baritone mouthpiece for 1 
min and then subjecting the mouthpieces, after each 
use, to different cleansing treatments such as hand or 
doth wiping, or washing with tap water, detergents 
and/or sanitizers. Subsequently, the rim, bowl, and 
shank swabbed to determine 
numbers of bacteria remaining. The effectiveness of 
the different treatments is indicated in table 1. There 
appears to be some merit in the common practice of 
hand wiping, or wiping with a handkerchief or shirt- 
tail, 2 mouthpiece of another’s instrument before 
playing. However, it became evident in other tests 
that organisms accumulated in the shank of the mouth- 
piece and were not removed by a casual wiping of the 
rim. On the other hand, brushing plus a detergent or a 
sanitizer or a combination of the two chemicals gave 
results worthy of further study. 

On another occasion, a saxophone, trumpet, and 
trombone were brought to the laboratory and played. 
Bacteriological tests were made at intervals. The results 
varied somewhat, but those for the saxophone are 
representative and are presented in table 2. It is 
evident that large numbers of bacteria deposited in a 
mouthpiece may survive for 48 hr. The findings on the 
other two mouthpieces also indicated the effectiveness 
of dipping or brushing the mouthpieces in the de- 
tergent-sanitizer solution. 

On another oceasion, a field test was conducted by 


sometimes the were 


TABLE 1 
Numbers of bacteria obtained by swabbing the rim and bowl of a 
trumpet and baritone mouthpiece blown for 1 min and treated 
in different ways after each use 


Numbers of Bacteria 
Treatment 


| Trumpet Baritone 
Untreated, dry swab 1,200 51,000 
Untreated, moist swab Ree ee 7,900 95,000 
Untreated but shank also swabbed..... 79,000 96 ,000 
Rim wiped twice with hand............ 2,500 70,000 
Rim and bow] wiped twice with thumb. 200 1,200 
Rim and bow] wiped twice with shirt- 
ae ate eR 690 580 
Rinsed 10 see with tap water (5 C)....|. 120 3,800 
Rinsed and brushed 10 see with tap 
Ds Sips gna x 40 G05 Socen IR Avcsrelath | 38 160 
Brushed 10 see with Triton X-100 (16 C) 
and rinsed 2 see under tap water..... 13 270 
Brushed 10 see with Hyamine 2389 (16 
C) and rinsed 2 see under tap water. . 6 9 
Brushed 10 see with Triton and Hya- | 
mine and rinsed 2 see under tap water. | 1] 35 
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swabbing the rim, bowl, and shank of mouthpieces 
just prior to their use in a city band concert. All of 
the instruments involved had not been removed from 
their cases since the rehearsal the previous evening. 
The findings in table 3 indicate the survival and the 
variations in numbers of organisms that may be ob- 
tained among different sized mouthpieces and even on 
the same type used by different individuals. 

Other laboratory and field tests clearly indicated that 
large numbers of bacteria could survive for several 
days in a metal or plastic mouthpiece. In addition, it 
was found that a cleaning treatment was effective in 
reducing the number of organisms. At this point it 
appeared evident that there was a need for a method 
to clean mouthpieces, especially multiple-use ones, 
that was practical and convenient for use in music 
departments. 

The tank, stationary brushes, and detergent-sanitizer 


‘solutions mentioned previously were placed in the 


Bozeman High School and the Montana State College 
band rehearsal rooms along with instructions for 
washing mouthpieces. At intervals, over a period of 4 
months, bacteriological tests were made on different 
mouthpieces. Most of the students were extremely 
interested in this project especially when they were 
kept informed regarding the findings. Since many of 
them washed their mouthpieces after each rehearsal, 


TABLE 2 


Numbers of bacteria obtained by swabbing a saxophone 
mouthpiece after different treatments 


Treatment Numbers of 





Bacteria 
Not used for 2 days. Reed and inside mouth- 

PIECE BWHUNCR ss i coos Lain eh Se dem eae. 400,000 
Saxophone played, and swabbed as above...... 2,000,000 
Saxophone played, mouthpiece only brushed | 

with detergent-sanitizer (Triton-Hyamine) 

STE. CNR en ae aan eR em ee 570 
Saxophone played, mouthpiece only dipped in 


detergent-sanitizer 10 times............... é 80 


TABLE 3 


Numbers of bacteria obtained from different types of 
mouthpieces stored in instrument cases for 24 hr 











Instrument | Numbers of Bacteria 
ee cL A Le | a eee aa | > 400,000 
Prrmipets: Coe nve eee ened | > 400,000 
PBMCS S002: 6 eae Se een | 8,800 
DYGHINONO Hc cis scenes Ghamians | > 400,000 
gO ee eee oe 2,400 
Ee ee ee eee ay | > 400,000 
IEC OHO ccc tec hace a ae 37,000 
IN i. ics pc wate tere | 28,000 
ee OD ae IS PCA Senet are | 20,000 


_ ES RRMA an ei nana ttre RDU omar PP Prag 110 
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the results on the college instruments presented in 
table 4 are of interest. The number of bacteria found 
in mouthpieces, which had been stored for various 
periods before playing, were invariably high the first 
few times tested, but thereafter were usually much 
lower. This might be expected as the brushing removed 
accumulated material especially in the shank and the 
residual sanitizer was more effective during the storage 
interval until the instrument was used again. It is 
difficult to explain why millions of organisms are found 
on some mouthpieces whereas only a few hundred are 
encountered on others after the instruments have been 
played. It is possible that some individuals have fewer 
organisms in their saliva. Burnett and Scherp (1957) 
have reported that the normal ingredients of secreted 
saliva may either depress or stimulate the growth of 
microorganisms. In addition, the pH of saliva is be- 
lieved to exert an important influence on the oral 


TABLE 4 
Numbers of bacteria obtained by swabbing Montana 
State College band instrument mouthpieces 


Numbers of Bacteria 


Date Instrument 

Before After After 
playing playing cleaning* 
February 25, Trumpet 940,000 25,000,000 180,000 
1957 Trumpet 9,100,000 27,000 1,100 
Trombone 120 400 920 
Trombone 46,000,000 380,000,000 13,000 
Bass horn 1,300,000 14,000,000 8,200 
March 4 Trumpet 11,000,000 130,000,000 4,800 
Trombone 220,000,000 2,700 
Bass horn 33,000,000 120 
Baritone 8,400,000 44,000,000 3,200 
Baritone 680 1,600 400 
French horn 130,000 =1,900 
April 15 Trumpet 54,000 3,200 
Trumpet 240 
Trombone 960 
Trombone 120 
Bass 12,000 320 
Bass 280 
Bass - 80 
Baritone 4,200, 0007 80 
Baritone 120 
French horn 88 ,000 1,100 
French horn 800 80 
April 22 Trumpet 400 32 
Trumpet 12,000 290 
Trombone 8 
Trombone 12 
Bass 280 
Bass 20 
Bass 12,000 8 
Baritone 64 
Baritone 16 
French horn 24 
French horn 4 


* Iosan employed as a detergent-sanitizer. 
+ Mouthpiece had not been subjected to cleaning treat- 
ment previous to this test. 
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microbial flora especially if it becomes toc acid oy 
alkaline. On the other hand, the silver plating on mos 
mouthpieces may be toxic to some microo:ganisms 
Burrows and Hemmens (1943) concluded that the 
silver communion cup was not an important vector of 
infectious disease because of the silver, the wine, and 
the practice of wiping the chalice after each use with g 
sterile linen cloth. Goetz et al. (1942) studied the selj 


Date 


November 
10, 1958 


November 


12 


November 
IS 


November 
24 


December 4 


December 8 


December 
11 


TABLE 5 
Number of bacteria per mouthpiece found by swabbing afte; 
washing in a detergent-sanitizer solution 


Instrument and 
Solution 


French horn 
Trumpet 
Trumpet 
Trombone 
Wash solu- 
tion 
Tuba (un- 
washed ) 
Trumpet 
Trombone 
French horn 
Wash solu- 
tion 
French horn 
(unwashed) 
French horn 
Trumpet 
Trombone 
Wash solu- 
tion 
Trumpet 
Trumpet 
Trombone 
Trombone 
Tuba 
French horn 
French horn 


| Wash solu- 


tion 


Standard Plate _ 


Count 


28 
28 
12 
24 

<1 


46,000 


60 
56 
80 
<1 


300 , 000 


300 ,000 
20,000 
300,000 
27 

>4 X 10° 
>4 X 10° 
>4 X 108 
>4 X 106 
>4 X 108 
>4 X 10° 
>4 X 108 
20 


Wash Solution 


Color pH 


Brown 2 


Light brown 2.! 


Nearly color- 


less 


Colorless 3.4 


Detergent-sanitizer wash solution changed 


Trumpet 
French horn 
Tuba 
Trombone 
Wash solu- 
tion 
Trumpet 
Trumpet 
French horn 
Trombone 
Wash solu- 
tion 
French horn 
Trumpet 
Trumpet 
Trombone 
Wash solu- 
tion 


<1 


60 
80 
80 
12 
<1 


80,000 
28 , 000 
28 , 000 
16,000 

3 


Brown 2.6 
Light brown 2.9 


Nearly color- | 3. 


less 
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yerilizing surfaces of silver-containing plastics and 
reported that such surfaces became sterile within 1 
nin after swabbing with a suspension of Escherichia 
wii containing 100,000,000 cells per ml. They at- 
iributed the activity entirely to the metal. No effort 
vas made in the present study to determine the reasons 
jor the differences in counts obtained. 

From the data presented in table, 4 it is evident that 
jarge numbers of bacteria are deposited in a mouth- 
piece While a wind instrument is being played. If the 
instrument is used by another player, a situation 
alogous to the common drinking cup exists. On 
the other hand, a cleaning procedure effectively re- 
duces the number of bacteria to a point where there is 
little danger of disease transmission. In addition, a 
clean mouthpiece does not have an unpleasant odor or 
tend to become plugged. 

In this series of tests (table 4) Iosan,* a detergent- 
sanitizer containing an organic iodine complex, was 
ued but it seems likely that most reputable cleaners 
and sanitizers could be employed satisfactorily. The 
present study also included the use of a nonionic 
detergent (Triton X-100)° and a sanitizer (Hyamine 
2389) each employed separately and in combination 
at reeommended strenths, a quaternary ammonium 
compound (Roceal),® and an iodine germicide (Iobac).* 
Satisfactory cleaning and low bacterial counts were 
obtained with all especially when used in combination 
with a thorough brushing. Some preference was ex- 
pressed by band directors for the iodine solutions since 
disappearance of the yellow color indicated the neces- 
sity for changing the solution or adding more detergent- 
sanitizer without having to run any type of a test. 
Data supporting the procedure are shown in table 5. 
Since the iodine is volatile it was found necessary 
at the college to cover the tank when not in use in 
order to prevent discoloration of bass horns stored on 
shelves above. Otherwise no undesirable staining was 
encountered in using the iodine compounds. Similar 
experiences have been reported by users of these 
products in the food and dairy industries. 

From the results reported, it is evident that, when 
mouthpieces are brushed in a _ detergent-sanitizer 
solution, many organisms are mechanically removed 
or killed. Bacteriological tests made on the Iosan 
solution at intervals, until the yellow color disappeared 
(after 5 to 7 days), indicated that the number of or- 
ganisms present was always less than 10 per ml. This 
is undoubtedly the result of the low pH (about 3.5 
in the use dilution) brought about by the phosphoric 
acid in the product, as well as the iodine in combination 
with nonionic synthetic detergents. 


‘Lazarus Laboratories, Inc., Division of West Disinfecting 
Co., Buffalo, New York. 
*Rohm and Haas Company, Philadelphia, Pennsylvania. 
*Sterwin Chemicals Inc., New York, New York. 





Since the iodine concentration was adequate to 
prevent contamination of the detergent-sanitizer 
solution under the conditions of use in these tests, 
it was only necessary to change the solution at weekly 
intervals. This period would vary with the frequency 
and number of people using the solution. 
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SUMMARY 


Musical instrument mouthpieces harbor thousands 
of bacteria which survive for several days. These 
organisms may be a potential hazard in the spread of 
disease when the instrument is used by several players 
as is common in some schools. In addition, uncleaned 
mouthpieces develop unpleasant odors and become 
difficult to blow. 

A cleaning method in which mouthpieces were 
brushed 15 times within 30 see in a commercial deter- 
gent-sanitizer solution greatly reduced the numbers of 
bacteria recovered by a swabbing technique. This 
cleaning procedure provided a sanitary mouthpiece as 
well as preventing accumulation of organic material in 
the shank. 

High school and college band members were coopera- 
tive in using this method over an extended period. The 
band directors preferred detergent-sanitizers con- 
taining iodine since the sanitizing effectiveness was 
maintained as long as color was present, thereby elimi- 
nating the necessity for some test of concentration. 
However, other commercial products were also effec- 
tive. 
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New canning procedures are constantly being con- 
sidered because present heat treatments alter food 
during processing. Often these changes involve or- 
gnoleptie or nutritive damage which increase with 
the severity of the heating. In other cases, resulting 
products are quite different from the raw food. Like- 
wise, irradiation sometimes causes undesirable changes 
in foods and such changes may be proportional to the 
amount of irradiation used. Fortunately, the sporo- 
cidal effects of ionizing radiations and heat have been 
shown to be synergistic (Morgan. and Reed, 1954; 
Kempe, 1955; Kan et al., 1957). This finding was ap- 
plied to food sterilization by Kempe et al. (1957) and 
Kempe and Graikoski (1958) who showed that re- 
duced quantities of these forms of energy can be used 
in combination for sterilizing canned ground beef 
inoculated with spores of Clostridium botulinum. How- 
ever, the usual heat processing treatments needed to 
kill the spores of this bacterium are less severe than 
those required to kill the spores of Clostridium species, 
putrefactive anaerobe PA 3679, so further studies 
were necessary to establish data of possible commer- 
cial value. This paper reports combined irradiation- 
heat processing schedules required to sterilize cooked 
ground beef packed in no. | pienic tin cans and inocu- 
lated with PA 3679 spores. These spores are the most 
resistant presently known to combined irradiation- 
heat processing so the results reported here could serve 
in initial basis for estimating combined irradiation- 
heat processing schedules for commercial operations. 


MATERIALS AND METHODS 


To evaluate the combined effect of irradiation and 
heat for sterilizing canned foods, a procedure was 
established whereby the food was first irradiated 
ind then heat processed. Each run was carried out at 
i single irradiation dose and at four or more heat- 
processing levels. In preparation for a run, lean ground 
beef was obtained from The University of Michigan 
food Stores and transported to the laboratory in a 
refrigerated condition. Here the meat was spread into 
flat enameled pans, autoclaved for 30 min, packed into 
30 no. 1 pienie tin cans, and sterilized by autoclaving 
for | hr with the can covers set loosely in place. The 
tans were then separated into three groups. The first 
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group consisted of 6 cans that had been fitted with 
Keklund (1949) thermocouples; the second group con- 
tained 4 that were to be the noninoculated controls; 
the remaining 20, which comprised the third group, 
were each inoculated at the center with 1 ml of a sus- 
pension of spores of PA 3679 that had previously been 
prepared in distilled water. Following this, all the cans 
were sealed in a commercial-type closing machine, 
cooled in tap water, and refrigerated. Four were then 
selected at random from group 3; these, along with the 
4 of group 2, were immediately incubated at 85 F. 
Those remaining from group 3 were irradiated and 
then heat processed. Control experiments indicated 
that storage of the canned meat for 2 days while wait- 
ing irradiation did not affect the results. 

Irradiation was carried out in the center well of the 
large cobalt® gamma ray source at The University 
of Michigan. This well accommodates 8 no. 1 pienie 
tin cans simultaneously. The dose rate during this 
investigation averaged approximately 150,000 rep' per 
hr, so treatment with 1.5 megarep required exposures 
of at least 10 hr. Other dosages required shorter or 
longer periods. Radiation dosages were determined by 
placing small glass vials containing a ferrous sulfate 
solution in the center of cans of meat. This procedure 
was previously described by Kempe ef al. (1954). 
Analyses were performed according to the method of 
Weiss (1952) and were based upon the oxidation of 
15.4 umoles of ferrous ions per L per 1000 rep. 

The meat was kept cold during irradiation. In 
winter the irradiation room was’ sufficiently cool to 
prevent the temperature of previously refrigerated 
meat from rising above 40 F; in summer the cans were 
refrigerated with Dry Ice. Following irradiation, the 
experimental cans were heat processed to the desired 
F, values and then were incubated at 85 F. 

Heat processing was carried out by placing the cans 
in a pail of water that was positioned in a steam heated 
autoclave. Here 7 cans could be accommodated; 3 of 
these contained Ecklund thermocouples. To keep the 
temperatures alike in all cans, the water temperature 
in the pail was first brought to 180 F. When the tem- 
peratures in the 3 control cans reached 170 F or higher 

'A rep is that dose or ionizing radiation capable of pro- 
ducing energy absorption of 93 ergs per g of tissue. 
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and were identical, the water temperature was quickly 
raised to 230 F. After sufficient processing time, the 
autoclave was opened and the cans were plunged 
into ice water. 

F., values were calculated by the graphical modifica- 
tion of Ball’s general method proposed by Schultz 
and Olson (1940). It was assumed that the meat tem- 
peratures in the experimental cans paralleled those in 
cans containing thermocouples. The calculated F, 
value represents the number of min at 250 F required 
to produce commercially sterile no. 1 picnic tin cans 
of ground beef under the experimental conditions de- 
scribed. A Z value of 18 was assumed for both irra- 
diated and nonirradiated spores. 

The spores of PA 3679 were grown, harvested, sus- 
pended in distilled water, counted, and used according 
to techniques described in previously published work 
from this laboratory (Kempe et al., 1954). 

Each run included 8 control cans. Four of these 
were uninoculated and 4+ were selected at random from 
the 20 inoculated cans. If no gas pressure developed 
in the uninoculated controls during incubation, the 
meat in the experimental cans was presumed to con- 
tain only the purposely inoculated microorganisms. 
Gas development in the inoculated cans indicated 
viability of the culture and its ability to grow under 
conditions of the experiment. Since cultures of PA 3679 
are not toxicogenic, verification of the growth of these 
spores was confined to observation of gas production, 
recognition of the characteristic putrid odor of the gas 
escaping when the cans were opened, and micro- 
scopic examination of stained slides prepared from the 
putrefying meat. Such slides invariably showed pure 
cultures of the original inoculum. These same tests 
were used to verify the presence of cultures of PA 
3679 in experimental cans that swelled during incu- 
bation. 

Two series of runs were prepared for the study pre- 
sented in this paper and these series are differentiated 
only by the number of spores inoculated into the 
‘anned meat. In series 1, each can of meat received 
10,000 spores of PA 3679, whereas in series 2,300 were 
used per can. 

RESULTS AND DiIscuUssION 

Combined irradiation-heat processing of inoculated 
packs of cooked ground beef was studied at the inocu- 
lation levels of spores of PA 3679 that were indicated 
in the Methods section. The data collected for run 
no. PA-26 are detailed in table 1. In this run it will 
be noted that all of the experimental! cans were treated 
with 0.500 megarep of gamma radiation from cobalt® 
but that four different heat-processing levels were 
used. The F, values are reported as ranges when the 
3 cans containing thermocouples developed different 
time-temperature curves. Upon calculation, this re- 
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sulted in different Ff, values so the highest anc lowe 
values reported. For example, exper mentg| 
cans 5, 6, 7, and 8 were processed along with :) F’, tes 
cans containing thermocouples. The time-temperature 
curves for the latter indicated minimal FP, vues of 
2.49 in one, 2.83 in the second, and 2.87 in the third. 
Hence, the heat-processing range was reported gs 
2.49 to 2.87 for experimental cans 5 to 8. 

Because the meat was sterilized before inoculation 
and because cultures of PA 3679 invariably produce 
gas in canned ground beef, the criterion of sterility 
was set for these experiments as that of no gas forma. 
tion within an incubation period of 6 months at 85 F. 
Hence the dash lines in the last column of table | 
indicate that no swelling occurred within this period. 

Lack of gas development in the noninoculated con- 
trols indicated that the meat was at least commercially 
sterile, whereas swelling of the inoculated controls 


were 


TABLE 1 
F, values required to sterilize cooked ground beef packed in no. | 
picnic tin cans, inoculated with spores of PA 3679 and irradi 
ated with gamma rays from cobalt® before heat-processing 
Run No. PA-26 
RARMNBIED 26 5c cise ...No. 1 pienie (211 x 400) 
Product .Cooked ground beef 
Inoculum 300 spores of PA 3679 per can 
Preirradiation .0.500 megarep 


Processing temp.......230 F 
Incubation temp.......85 F 
F, Can No. Days to Gas Formatior 
1.97 1 5 
1.97 2 5 
1.97 3 } 
1.97 4 5 
2.49-2.87 5 6 
2.49-2.87 6 9 
2.49-2.87 c 4 
2.49-2.87 8 15 
4.50-4.85 13 
4.50-4.85 14 
4.50-4.85 15 
4.50-4.85 16 
6.51-7.43 9 
6.51-7.48 10 
6.51-7.43 1] 
6.51-7.43 12 
Controls: 
Noninoculated NI 1 
NI 2 
NI 3 
NI 4 
Controls: 
Inoculated Inc 1 3 
Ine 2 3 
Ine 3 3 
Ine 4 3 


Conclusion: Sterilization was accomplished with 0.5) 
megarep irradiation followed by an F, between 2.5 and 4.9. 
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demonstrated that spores of PA 3679 developed cul- fe) 
tures quickly and well under the conditions of the 8 caer eGRIS Menem 
. a “ i i 
experiment, 6 K a 
Further, the data in table 1 show that growth oc- 5+ — |. — 
curred in cans numbered 5, 6, 7, and 8. Since it was 4;—4 me it + 
possible that the meat in these cans might have re- 2 : Si ng 
ceived an F,, of only 2.49, this was reported as the 1 
lowest /, at which growth occurred in this experi- a— so -4 
ment. Similarly, no growth occurred in cans numbered \ 
13, 14, 15, and 16 and column 1 shows that an F, | 
ys much as 4.85 could have been delivered to these —————— 7 — 
ens. Thus, the combined process at which sterility w os 
; : Ww -— — 
occurred was established. When 1 or more cans E oé6+—— aos! Jee — 
swelled, the meat processed at that combined proc- Z o5+—++ + Sos 
: : : . = | 
essing level was considered to have been insuffi- “Ta. ee ac wae. ae 
° Pr | 
ciently treated; when all 4 cans retained a vacuum ee eee ee! ae [ = 
for 6 months, that level was considered to have been | 
sufficient to sterilize. It is recognized that, if more 02 + f+ 4 
: . 10,000 
cans had been used at each combined processing level, 0, spores| 
lightly higher F, val ld have been indicated Ao 
< ’ y ar 4 rs Ss ’ ave vey * >, } 
ightly higher o values would have been indicate Cooked beet 
for sterilization following a given amount of irradi- cs SOR OT SRE CAAT 
ation. i A a 
The summarized data in table 2 are collected from poe 3S ES CS: eee 
two series of runs that were similar in all respects ex- ———1 
TABLE 2 














Combined irradiation-heat processing treatments required to ° od 77 
: , , : ia ies. clini MEGAREP 
sterilize cooked ground beef packed in no. 1 picnic tin cans 
and inoculated with spores of PA 3679 Figure 1. F, required to sterilize cooked ground beef packed 
; in no. | pienie tin cans, inoculated with 10,000 spores of PA 
3679 per can, and irradiated with gamma rays from cobalt * 
before heat-processing at 230 F. 


Run No. Preirradiation, megarep F,, Range 


Series 1: 10,000 spores of PA 3679 per can 






































PA-10 0 >6.0 
PA-12 0 >5.8 T 
_ 70 300 spores ___1 
PA-15 0 6.5-8.4 PA 3679 
PA-16 0 FARE 60 Cooked beef 
PA-19 1.970-2.625 0 $0:—" Fy 
PA-25 1.620-2.160 0 Py aa \ 
PA-20 0.410 5.7-7.9 | 
PA-17 0.708 3.1-5.5 30}-—} \ —— 
PA-13 0.841 4.4-5.7 | 
PA-11 1.261 2.0-4.9 on | 
PA-21 1.313 0.29-4.0 ~ , 
PA-14 1.420 1.1-3.2 z st | | 
Pe — = | 
PA-23 1.538 2.3-3.7 2m 
PA-18 1.652 >1.80 i | 
PA-22 1.780 0.78-2.4 1.0;—} } 
PA-2 OR5 Re Oy o3s;— | T 
A-24 1.985 0.055-0.25 os}—| | 
. Cts = t + 
Series 2: 300 spores of PA 3679 per can 06} + 
| | 
- o5}+—_+————+ 4 
PA-27 0) 5.0-7.1 [- 
> ‘ ~- ‘ ‘ | 
PA-31 1.750-2.020 0 [| radeon ony 2c 
PA-32 0.250 4.5-6.9 -o Lt f “ate, 
PA-26 0.500 2.5-4.9 —,€ 
PA-29 0.750 2.6-3.7 7 
PA-28 1.000 2.0-5.0 Figure 2. F, required to sterilize cooked ground beef packed 
PA-30 1.250 0.48-1.5 in no. | picnic tin cans, inoculated with 300 spores of PA 3679 
PA-33 1.350 0.77-1.5 per can, and irradiated with gamma rays from cobalt ® before 


heat-processing at 230 F. 
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cept for the number of spores of PA 3679 used. In 
both series it will be observed that progressively less 
heat-processing was required to produce sterility as 
the quantity of preirradiation was increased. This is 
more clearly observed in figures 1 and 2. In these figures 
the top F, value in a zone represents that heating 
process which resulted in commercial sterility in all 
4 cans processed with the specified combination treat- 
ment; the bottom F’, indicates the first level tested 
at which 1 or more of the 4 cans developed gas within 
6 months of incubation at 85 F. It will be noted in 
figure 1 that only the lower value was established at 
1.65 megarep; so, in this instance, the zone is repre- 
sented by a triangle. 

A comparison of figures 1 and 2 shows that raising 
the spore concentration in the meat had the expected 
effect of increasing the intensity of the combined proc- 
essing treatment required. For example, with 10,000 
spores of PA 3679 per can, a preirradiation dose of 
1.8 megarep was necessary to reduce the F, subse- 
quently required to 1.5, but, with 300 such spores per 
can, preirradiation with 1.3 megarep was sufficient 
for this purpose. Further, the F, value required to 
sterilize the unirradiated meat was approximately 7 at 
the higher, and 6 at the lower, spore concentration. 
Therefore, as compared to the use of heat processing 
alone, the data in figures 1 and 2 indicate that a 4-fold 
reduction in the F,, can be expected following irradi- 
ation of canned meat with between 1.3 and 1.8 mega- 
rep of gamma rays. 

It will be noted that even the less intense combined 
process required for canned meat containing 300 
spores of PA 3679 per can is much more severe than 
that previously found necessary for C. botulinum 
spores packs (Kempe ef al., 1957), where it was shown 
that cooked ground beef containing 5,000,000 spores 
of C. botulinum 213 B per can required an F, of 0.2 for 
sterilization following irradiation with 1.3 megarep of 
gamma rays. This calls to mind the similar difference 
in the heat resistance of spores of C. botulinum and 
PA 3679. Since the latter are much more heat resis- 
tant, there is only a remote possibility that a spoiled 
can of heat-processed food will contain botulinus 
toxin. Thus, the safety factor inherent in the usual 
heat-processing treatment, due to the higher heat 
resistance of spores of PA 3679 as compared to those 
of C. botulinum, has also been found to be character- 
istic of the combined irradiation-heat process. 
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SUMMARY 


Cooked, ground beef, packed in no. 1 picnic eans 
and inoculated with spores of putrefactive anaerobe 
PA 3679 was sterilized by combined gamma irradi- 
ation-heat processing treatments. The F, required to 
produce commercially sterile cans following  irradi- 
ation with between 1.3 and 1.8 megarep was reduced 
to approximately one fourth of that required when 
heat processing was used alone. 


REFERENCES 

Ecxiunp, O. F. 1949 Apparatus for the measurement of the 
rate of heat penetration in canned foods. Food Technol., 
3, 231-233. 

Kan, B., GotpBuitn, 8. A., AND Procror, B. E. 1957 Com- 
plementary effects of heat and ionizing radiation. Food 
Research, 22, 509-518. 

Kempe, L. L. 1955 Combined effect of heat and radiation in 
food sterilization. Appl. Microbiol., 3, 346-352. 

Kemps, L. L. anp Grartkoskt, J. T. 1958 Combined irradi 
ation-heat processing of canned foods. IT. Raw ground 
beef inoculated with spores of Clostridium botulinum. App! 
Microbiol., 6, 261-263. 

Kemper, L. L., Gratkoski, J. T., AND GiLuiEs, R. A. 1954 
Gamma ray sterilization of canned meat previously in- 
oculated with anaerobic bacterial spores. Appl. Micro 
biol., 2, 330-332. 

Kempe, L. L., Gratkosk1, J. T., AND BONVENTRE, P. F. 1987 
Combined irradiation-heat processing of canned foods. | 
Cooked ground beef inoculated with Clostridium botulinun 

Appl. Microbiol., 5, 292-295. 

MorGan, B.H. anp REED, J.M. 1954 Resistance of bacterial 
spores to gamma radiation. Food Research, 19, 357-366 

Scuuttz, O. T. anp Ouson, F.C. W. 1940 Thermal proc 
essing of canned foods in tin containers. Food Research. 
5, 399-407. 

Weiss, J. 1952 Chemical dosimetry using ferrous sulfate ant 
ceric sulfate solutions. Nucleonies, 10, 28-31. 


spores. 








The | 
adsorpt' 
jon exe 
tablishe 
this wo 
used as 
(Waller 

In th 
tion of 
alkali-c: 
yme f 
lationst 

(rene? 
temper: 
of adso 
used is 
Freund 
X repre 
ent, M/ 
centrat 
and n 
enzyme 
tion. ‘T 
sorptiv 
with th 
tion (C 
log plo 
with y 

The 
sorptio 
line re: 
tion m 
the as 
equatic 


Adsi 
strain 
ond 
the cle 
with ¢ 
with ¢ 


'Thi 
Techno 


Was pu 





this 
the 


per- 
iner 
ned 
bli- 
this 
» be 


en- 


Pans 
robe 
‘adi- 
1 to 
‘adi- 
iced 
hen 


f the 
nol., 


om- 


Food 
on in 


radi 
ound 


App! 


1954 
Vv in- 
icro 


1957 
ls. I 


in un 


erial 
— 366 
proc 
arch 


e and 








The Amylase of Clostridium acetobutylicum 
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The purification and concentration of enzymes by 
adsorption on charcoal, tannin, aluminum hydroxide, 
in exchange resins, and so forth, has been an es- 
tablished practice in the laboratory. Some years before 
this work was done in 1949, alkali-cooked lignin was 
used as an adsorbent for mold and malt amylase 
(Wallerstein et al., 1945). 

In this paper is described our study of the adsorp- 
tion of the amylase of Clostridium acetobutylicum on 
alkali-cooked lignin and charcoal, elution of the en- 
zyme from the adsorbents, and the underlying re- 
lationships governing the adsorption. 

General considerations. With treatment time and 
temperature fixed, the relationship between the amount 
of adsorbate taken up and the amount of adsorbent 
used is frequently given by the empirically derived 
Freundlich equation (Bull, 1943): X/M=kC’’", where 
X represents the units of enzyme held by the adsorb- 
ent, M is the weight of adsorbent used, C is the con- 
centration of enzyme remaining unadsorbed, and k 
and n are constants determined by the nature of the 
enzyme and adsorbent and the conditions of adsorp- 
tion. Thus, the Freundlich equation correlates the ad- 
sorptive capacity per unit weight adsorbent (X/J/) 
with the concentration of adsorbate remaining in solu- 
tion (C). The slope of the Freundlich equation on a log- 
log plot is 1/n, which is an index of the ease or difficulty 
with which the enzyme is adsorbed. 

The Langmuir equation has been derived from ad- 
sorption in a layer one molecule thick. If a straight 
line results from plotting C against C/M, the adsorp- 
tion may be assumed to be proceeding according to 
the assumptions in the derivation of the Langmuir 
equation. 


EXPERIMENTAL METHODS AND RESULTS 


Adsorption on alkali-cooked lignin. C. acetobutylicum 
strain Weizmann, that had been cultured for 48 hr 
on 5 per cent corn meal, was centrifuged; aliquots of 
the clear supernatant were adjusted to pH 4.2 and 4.0 
with citrie acid crystals, and adjusted to pH 5.3 and 6.3 
with crystalline sodium citrate. For preliminary ex- 


'This work was done in 1949 at the Illinois Institute of 
Technology, Department of Biology. Another part of this study 
was published in 1952 (Scott and Hedrick, 1952). 


periments, 5 ml of the pH adjusted supernatant were 
added to different tubes in a series. Graded amounts 
of alkali-cooked lignin solution were then added to 
each series of tubes. The lignin solution was a 5 per 
cent solution, prepared by dissolving the lignin in 
1.0 per cent sodium hydroxide and adjusting the pH 
to 8.4 with sulfuric acid. The lignin, being insoluble 
in acid solutions, precipitated as a fine, almost col- 
loidal suspension. The mixtures were allowed to re- 
main at room temperature for 20 min and then cen- 
trifuged. The clear supernatants were removed and 
the enzyme was eluted from the lignin by 5 ml 0.04 m 
phosphate buffer at pH 6.5. After 20 min had been 
allowed for elution, the tubes were again centrifuged 
as before and the eluates removed. 

The amylase activities of the supernatants and the 
eluates were determined by the method which was 
developed previously (Scott, 1950). The results are 
presented in table 1 and figure 1. The Freundlich 
equation plots comprise figure 2. 

A comparison of the slopes of the Freundlich iso- 
therms in figure 2 shows that adsorption is more effi- 
cient at pH 4.0 than at either 3.2 or 5.3. If we assume 
a symmetrical curve for efficiency versus pH, the 
peak efficiency comes at about pH 4.5. Furthermore, 
an examination of the desorption data (see table 1) 
indicates that maximal desorption is achieved when 
the adsorption was performed at pH 4.0 to 4.5. 

The pH of the fermentation mash after 40 hr is 
between 4.0 and 4.5. Thus, lignin adsorption seems 
ideal from the standpoint that no preliminary pH 
adjustment of the culture filtrate is needed. The yield 
of enzyme concentrated and purified by adsorption 
on and elution from lignin is quite good. Consider a 
typical experiment. Three and one-half L of culture 
filtrate containing 1610 amylase units were mixed 
with 400 ml 5.0 per cent lignin. The pH of the precipi- 
tation was the same as the end pH of the fermentation, 
namely, 4.5. The lignin-enzyme complex was centri- 
fuged down, separating as a slurry. The slurry was 
transferred to a Buchner funnel and the remaining free 
liquid sucked out through a Whatman no. 3 paper. The 
entire pasty brown complex was then transferred to a 
beaker and extracted with three successive 125-ml por- 
tions of 0.1 strength Macllvain’s buffer, pH 6.5. The 
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three eluates were combined to give a total volume of pad. Adsorptions were conducted as previously de. 

350 ml. The total activity of the eluate was 1370 scribed for adsorption on lignin at pH 4.5. The results 

amylase units, a 10-fold concentration with an 85 per are given in table 2. 

cent recovery of amylase. Thus, infusorial earth itself could serve as an ad. 
Adsorption on infusorial earth. In early work in this sorbent. The Freundlich equation does not apply iy 

research, difficulty was encountered in obtaining ac- this case. 

tive cell-free filtrates. One of the methods used for The major importance of this discovery is to serye 

clarifying the culture filtrate was the addition of in- as a warning against the use of infusorial earth jp 

fusorial earth. When acid-washed infusorial earth was enzyme work without first determining its adsorbent 

used, the filtrate was very low in amylase activity. properties. 

This drop in activity was not due to inactivation be- Adsorption on activated charcoal. Because of the well 

cause the lost activity could be eluted from the filter known high adsorptive capacity of activated charcoal, 
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lignin at various pH values 


l electri 


Lig- 
nin 


plot o 


cent 
Consider a typical example of adsorption of the J ple 1) 
units | | units 


: | | | amylase on activated charcoal. The pH of 1850 nil 
.650 | O |} — - - 2 : a os ; 

390 9 | 51 0.300 | 46 a |: culture filtrate containing 850 amylase units was ad- 
189 72 (36 0.450 ‘ justed to 6.5 by the addition of a mixture of 26 g¢ mono- 
.100 85 .550 | basic potassium phosphate and 10 g dibasic potassium 
060 | 9 | 91/2: 600 

025 196 | | 0.625 | | 100 oO 
012 | 2 | 98 635 | 98 | i | 
.005 .7| 99 .638 | 80 ELOATE 


~ 


100 
80 


60 





40 


STO ore Wh = 


650 | } — — - €0 ay 
.420 | 35 (3% 230 | | pH oa 
.270 59 |: 380 40 — 
185 | 7: 465 | 7: | ac 
130 | 525 | 8 | 20 SUPERNATANT y 
.090 | 86 | .560 | 86 re) MW 
.070 89 | 580 
.050 3 | 92 | 600 | 
.030 5 | 95 y .620 
020 | 3 | 97 630 
.010 5) 98 640 


30 


0) 
1 
2 
3 


NO Ot 


QO 


0 es 
005 | 
| 33 17 O15 | 
44°15 | 0.035 
14 .080 
13 .125 | 
12 .190 | 
11 | 0.280 | 
10.6 | 0.360 
10.2 | 0.440 | 
.5| 9.8 | 0.490 
19.1 | 


SUPERNATANT 


_ 
5 





—_ 
—_ 


ean) 


Fig 
of am) 


weal 


%OF ORIGINAL ACTIVITY 


Nw 
oe) 


UPBRNATANT 


— bb 
— te a] 


or 


| ‘ ae = ; | a Infusor 
P | per 
0.650 he =a =F : ELVATE - 
12 | 0.645 | 0.08) - 
epee ie | ea* rr 0 
0) | ° by +e " 
| 20) 0.530 | 9 | 0.95) 0. MG LIGNIN 


25 | 0.440 ia | 1.3} 0.17 | 26 B 1s Figure 1. The adpsortion of amylase on alkali-cooked lignin; 
f EASES a EIR distribution of activity between supernatant and eluate. 
C = per cent initial activity in supernatant; X = 100 — C. 


C’ = per cent initial activity in eluate; X’ = X — C. ® West Virginia Pulp and Paper Company, Chicago, Illinois 














OL. 7 


” de. 
Sults 


ad- 
ly iN 


serve 
th in 
bent 


well 
coal, 
this 
(Nu- 
tS as 
| can 


Ss ad- 


Y the 
0 ml 
s ad- 
NONO- 
‘sium 





jignin; 


linois 


1959] AMYLASE OF C. 


phosphate. One g activated charcoal was added. The 
ecarbon-enzyme complex was filtered off by a What- 
man no. 3 paper with the aid of filter paper pulp. This 
pulp-paper- ‘sarbon-amylase mixture was extracted with 
four successive portions of 100 ml each of acetate 
buffer, 0.05 m at pH 4.6. The combined volume of 
the eluate fractions was 370 ml, equivalent to 20 per 
cent of the original volume. However, the total ac- 
tivity of the eluate was only 50 units, a yield of only 
§ per cent. Since the enzyme could not be eluted under 
conditions where it} could be adsorbed for solution, 
this represents a case of irreversible adsorption. 


DiscUSSION 
The adsorption data also indicate the probable iso- 
electric point of the enzyme. Figure 3 represents a 
plot of the amount of lignin needed to adsorb 30 per 
cent of the activity of the preparation (used for ta- 
ble 1) versus pH. The curve approaches pH 6.5 a- 
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Figure 2. Plot of Freundlich equation for lignin adsorption 
of amylase at varying pH values. 


TABLE 2 


Adsorption of amylase on infusorial earth 


Infusorial Earth Amylase in 
per 5 ml Supernatant 
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unils 

2.00 

1.63 

1.55 

1.42 

1.06 
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ACETOBUTYLICUM 


symptotically. This would indicate that the net charge 
on the enzyme changes at this pH since the net charge 
on the ligin does not change at any pH value below 8. 
Furthermore, the fact that activated carbon adsorbs 
the enzyme very strongly at pH 6.3, and not at all at 
pH 4.5, indicates that the isoelectric point of the en- 
zyme is about 6.5. This is in direct contradiction of the 
belief expressed by Wilson (1939) that the isoelectric 
point of an enzyme is very close to the pH of its max- 
imal activity. 


TABLE 3 
Adsorption of amylase on activated charcoal 
i. See a . 
Nuchar C | Amylase in | 
per 30 ml |Supernatant 
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Figure 3. The amount of lignin needed to adsorb 30 per cent 
of the amylase activity at varying pH values. 
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The fact that charcoal adsorbs the enzyme strongly 
at pH 6.5 and not at all at pH 4.5 at first appears sur- 
prising inasmuch as lowering the pH enhances the 
adsorptive action of lignin and infusorial earth. This 
observation appears somewhat more logical when we 
consider the fact that activated charcoal adsorbs am- 
photeric substances (such as enzymes or proteins) best 
at the isoelectric point of the adsorbate (Hassler, 
1941). 


SUMMARY 


Alkali-cooked lignin may be used for the adsorp- 
tion of Clostridium acetobutylicum amylase, because 
the enzyme is readily eluted with 0.04 m phosphate 
buffer at pH 6.5. The adsorption and elution of the 
enzyme conforms to the Freundlich equation. 

The enzyme may also be adsorbed by activated 
charcoal, however elution is difficult, thus suggesting 
an example of irreversible adsorption of the enzyme by 
the activated charcoal. The enzyme is adsorbed by in- 


C. F. NIVEN, JR. 
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fusorial earth, but the Freundlich equation is yo} 
applicable. 

Of the adsorbents tested, alkali-cooked _ lignin 
proved to be the most practical since no preliminary 
adjustment of pH is required and good yields may 
be obtained. 
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In a previous publication Deibel and Niven (1957) 
reported that lactobacilli comprised the most common 
bacterial contaminants found in commercial ham cur- 
ing brines that were examined. The brine samples 
were obtained from commercial establishments and 
represented curing brines that had been in use for 
3 to 30 days. These brines were freshly prepared prior 
to application as a cover pickle for the hams. The con- 
tainers were the customary large wooden tierces 
which, along with the meat, provided the initial mi- 
crobial contamination. Although the total bacterial 
population attained in any of the batches tested ap- 


1 Journal paper no. 164, American Meat Institute Founda- 
tion. This research was undertaken in cooperation with the 
Quartermaster Food and Container Institute for the Armed 
Forces, QM Research and Engineering Command, U.S. Army, 
and has been assigned number 939 in the series of papers ap- 
proved for publication. The views or conclusions contained in 
this report are those of the authors. They are not to be con- 
strued as necessarily reflecting the views or indorsements of 
the Department of Defense. 


peared to be too low to be of any significance in the 
curing and processing of the hams with respect to 
flavor development or deterioration, it is of interest 
to record the nature of the salt-tolerant bacteria that 
are able to grow in the brines provided appropriate 
times and temperatures are employed. 

The most common Lactobacillus noted was a mo- 
tile, homofermentative, salt-tolerant, low-acid-produc- 
ing variety that had characteristics in common with 
both Lactobacillus casei and Lactobacillus plantarum, 
and yet possessed features which readily distinguished 
it from either of these two established species (Deibel 
and Niven, 1958). 

Another common Lactobacillus found in all of the 
brines tested was a rather unique group that was cap- 
able of synthesizing large amounts of a polysaccha- 
ride from sucrose, as manifested by the production of 
large mucoid colonies on sucrose-gelatin agar. The 
purpose of this paper is to describe this apparently 
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unique Lactobacillus and to discuss its significance in 
meat curing. 


MATERIALS AND METHODS 


The methods for obtaining samples, microbiological 
examination, isolation, and identification of the cul- 
tures have already been presented (Deibel and Niven, 
1958). At the beginning of this study, a cursory identi- 
fication of isolates revealed a significant proportion of 
the Lactobacillus strains possessed the ability to form 
a polysaccharide from sucrose. Using pure cultures of 
known polysaccharide-forming lactobacilli, it was noted 
that the pour plate technique would not lend itself to 
quantitation of bacteria having this character, as only 
colonies that grew on the agar surface produced visible 
polysaccharide. Consequently, 0.1 ml of decimal dilu- 
tions of the samples was spread on the surface (Snyder, 
1947) of a sucrose-gelatin agar of the following composi- 
tion: Tryptone (Difco), 10 g; yeast extract (Difco), 
5 g; KexHPOs, 2 g; sucrose, 50 g; gelatin, 50 g; agar, 
15 g; distilled water to 1 L; pH 7.0 to 7.2. This pro- 
cedure readily lent itself to quantitative estimation, 
and isolation of the mucoid colonies. 


RESULTS 


The polysaccharide-synthesizing lactobacilli were 
found in all brine samples examined. They comprised 
a significant proportion of the flora, although they 
were usually present in lower numbers than the motile 
lactobacilli as determined by plating the samples on 
APT agar (Evans and Niven, 1951). Morphologically, 
pairs and short chains were observed frequently. In 
sharp contrast with the motile lactobacilli, cells of 
this group occurred as short, straight, somewhat oval 
rods. 

Results of a detailed study on 23 of these cultures 
are presented in table 1. As indicated, these cultures 
comprise a reasonably homogeneous group with the 
exception of several of the fermentation character- 
isties. In addition to the mucoid colonies on sucrose 
agar, they are characterized by their homofermenta- 
tive nature, salt tolerance, ability to grow at low tem- 
peratures, rather low limiting pH in glucose broth, 
and their general inability to ferment the pentoses, 
lactose, maltose, raffinose, the higher alcohols, or 
inulin. 

Attempts to correlate some of the variable charac- 
teristics for the purpose of establishing subgroups 
generally met. with failure. However, it was noted that 
8 of the 11 melibiose-fermenting cultures hydrolyzed 
arginine, whereas none of the melibiose-negative cul- 
tures were able to attack this amino acid. Moreover, 
the melibiose-fermenting cultures appeared to have a 
higher maximal temperature limit for growth initi- 
ation. 


* Difeo Laboratories, Inc., Detroit, Michigan. 









The optical isomer of lactic acid produced from glu- 
cose was determined for 8 of the cultures. Six produced 
inactive lactic acid with a slight excess of the dextro- 
rotatory isomer. Two cultures produced pure dextro- 
rotatory lactic acid. No other distinquishing charac- 
teristics could be related to the two cultures producing 
the L(+)-isomer. 

Sucrose was the only substance from which these 
strains were capable of synthesizing a polysaccharide. 
All other fermentable substances were tested in the 
gelatin agar basal medium, some in combination, and 
failure to synthesize a polysaccharide was noted. 

Studies on other lactobacilli isolated from meat cur- 
ing brines have revealed the presence of cultures 
which are identical with the polysaccharide-synthesiz- 
ing group with the exception of their inability to pro- 
duce mucoid colonies on sucrose-gelatin agar. There- 
fore, it is presumed that the ability to form mucoid 
colonies on sucrose-gelatin agar can not be considered 


TABLE 1 
Physiological characteristics of the polysaccharide-synthesizing 
lactobacilli from ham curing brines (23 cultures) 





No. of Cultures | Other 
+ axe 
COs {One SNNCOKE: . occ oes e 23 
Catalase produced................ 23 
Watrate VedWeed ss .<-.s6s0.50 ese es 23 
Acetylmethylearbinol produced... 2 21 


Paitin POR 2a, ocs. ssc es cre eran 6 
Final pH, glucose broth......... 
Hydrolysis: 


No change 
3.9-4.2 


Sodium hippurate............... | 23 
A CUEED Gc. a reeks oto ee seen ws | 16 on 
LOTTI TLL Te a ae oh 78 15 | 
Pre NNEN oon ha oar ep creo 23 | 
SULTS Sed ed ar | 23 | 
Growth: | | 
eee er eee 23 | | 
OS are ee re | 4 | 9 | 
| See er eee | so] 
DY NSC DIEGO. ...5ccscc0cc.as| 20 
10% ‘NaCl broths .......0. 5.6...) Tp | 
Fermentation :* 
EGRET sn. stich etnies bis gindeoa 73 
REP OREN Son cheese cee aia Boca 5 18 | 
[TO oe ecg er ere (mE 22 | 
INE RIEORE seocnis ics eh dou elcome 1? 2 21 | 
PUES oho. or ouce Sate 8 Ae Os 16 7 | 
UII Soo os 5 ace 1 22 | 
RNs Oc oss pcsceusoeses eas aes | 1 22 
OMAR OR EE eric ced snctan ae eS oek 2: 
BHR MRMIEEE Baici hors chi So hcknden bere are 20 
1 ae ae ve 11 12 
CO OUMORO: Oise osiboc kode ene ores 10 13 
MONMGH Sooo etry ere ewd hee | 14 9 
a-Methyl-d-glucoside........... (ios 20 





* All cultures fermented mannose, glucose, fructose, galac- 
tose, and sucrose. None fermented inulin, rhamnose, sorbose, 
melezitose, dulcitol, inositol, or a-methyl-d-mannoside. 








140 R. H. DEIBEL AND C. F. NIVEN, JR. 


(VOL. 7 § 1959] 


a primary differential character of these microorgan- 
isms. However, this test affords an easy method for 


In the light of these distinguishing characteristics, 
attempts to place these cultures into a known species, 


estimating the population of this group of lactobacilli or to establish a new species, would be mere specula- Al 
in curing brines, as well as in cured meat foods. tion at this time. on SUI 
Attempts to prepare sera against these lactobacilli Although well known as being characteristic among in - 
for the purpose of further characterization met with Leuconostoc species and a few Streptococcus species, § P° 
failure. No precipitin antibodies could be detected in polysaccharide synthesis from sucrose by homofer. § "5 
the sera of rabbits that had been injected 5 days per mentative Lactobacillus species is not generally recog. jected 
week for a period of 4 weeks. For these tests the conven- nized. This test has not been a common one applied to ing te 
tional Lancefield technique was employed. the characterization of the lactobacilli. However, Thi 
A number of the polysaccharide-synthesizing strains Kobayasha (1944) described an apparently unique other 
were tested for their ability to discolor the cured meat species, Lactobacillus musicus, from tobacco leaves § Oo ' 
pigment. Pure cultures were streaked on the longi- which fermented sucrose with the production of a vis- ing cl 
tudinally cut surface of steamed frankfurters and incu- cous substance. Also, many strains of the heterofer- their 
bated in Petri dishes in a humid environment for 48 hr mentative Lactobacillus viridescens (Niven, et al., 1949, J &!e 
at 30 C. None of the cultures tested discolored the Niven and Evans, 1957), an important sausage spoil- raffin 
frankfurter surfaces. age microorganism, produce mucoid colonies oni su- 
While this investigation was in progress, oppor- crose agar. 
tunity presented itself to observe a spoilage incidence The chemical nature of the polysaccharide produced § ?2!8! 
in “country cured” hams in which excessive slime was by the lactobacilli reported in the present study was ¥ 
formed throughout the tissues. The hams had received not determined. However, its physical characteristics ns 
a long cure, followed by a long smoking period at tem- are much like the dextrans synthesized by other lactic bi 
peratures favorable to the growth of microorganisms. acid bacteria. 
It was found that the slime was produced from su- The population attained by the polysaccharide-syn- 
crose, a constituent of the curing mixture, as the re- thesizing lactobacilli in the curing brines, as well as 
sult of excessive growth of lactobacilli. Similarly, lac- in and on the hams as they are cured and smoked, ap- 
tobacilli were encountered in a spoilage outbreak in peared to be too small to be of any significance with 
conventional dried beef which also received a rather regard to flavor and color development. However, it is 
long smoke processing at a temperature favorable for entirely possible that these microorganisms play an 
the growth of microorganisms. In this instance, slime important role in the processing of hams in which a 
became evident in the cavities of mutilated tissue near longer cure and lower smoking temperature are em- 
the surface before effective dehydration was accom- ployed. In some parts of the world, curing brines are 
plished. The finished dried and sliced beef possessed re-used over long periods of time with the deliberate 
poor color stability in these areas. intention of encouraging the development of a char- 
Isolates from both the spoiled ‘‘country hams’’ and acteristic microbial flora. The mixed cultures that Th 
dried beef proved to be identical in all respects to the develop, among which lactobacilli are common, are orga 
polysaccharide-synthesizing lactobacilli from ham cur- believed to contribute to the color, flavor, and preser- J pjoti, 
ing brines. Thus, it would appear that this group of vation of the meats thus cured (Leistner, 1958). strict 
lactobacilli are potential spoilage organisms in some Mundt and Pryor (1952) reported the common oc- Ff medi 
processed meat foods. currence of slime in the meat curing rooms in South- FP affec 
ern United States locker plants during certain seasons J pjotj 
Discussion of the year. Leuconostoc species were found to be the § iff 
The general characteristics of the polysaccharide- most important causative organisms. Control of this J joy | 
synthesizing lactobacilli from curing brines place them condition could be accomplished effectively by sub- | [yj 
into the group of homofermentative lactobacilli that stituting glucose for sucrose in the curing mixture. M 
have low optimal growth temperatures, namely, L. Whether or not lactobacilli also contribute toward | ¢hio) 
casei, L. plantarum, and Lactobacillus leichmannii. If this slime condition is not known. knov 
the inability to ferment pentoses, lactose, raffinose, The work of Mundt and Pryor recalls the reputedly | pjot; 
and inulin is disregarded, these microorganisms may common occurrence of slime formation on bacon as it ste} 
be related to L. plantarum. They differ from the typical was cured for extended periods of time in years past. amo 
L. casei in that few of the cultures ferment lactose, Although this problem seems to have vanished from | y » 
mannitol, or a-methyl-d-glucoside, or hydrolyze argi- the meat industry due to present-day streamlined | to ¢ 
nine. The optical isomer produced from glucose sepa- curing practices, it is now presumed that the condition J pho, 
rates them from L. leichmannii, although they have was caused by Leuconostoc species as well as by the } oy ; 
other characteristics somewhat similar to this species. lactobacilli herein described. skay 
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SUMMARY 


A Lactobacillus that produces large mucoid colonies 
on sucrose-gelatin agar was found to occur commonly 
in meat curing brines. Members of this variety or 
species Were also encountered as spoilage microorgan- 
isms in ham and other cured meats that were sub- 
jected to extended smoking periods at favorable grow- 
ing temperatures. 

These lactobacilli were related to, but distinct from, 
other homofermentative Lactobacillus species that have 
low temperature limits for growth. Other distinguish- 
ing characteristics were their rather high salt tolerance, 
their low limiting pH in glucose broth, and _ their 
general inability to ferment the pentoses, maltose, 
raffinose, the higher alcohols, or inulin. 
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The study of the physiology of antibiotic-producing 
organisms has shown that their ability to produce anti- 
biotic substances reveals itself only in definite and 
strietly specified conditions. Slight modifications in the 
medium composition or cultivation conditions greatly 
affect the ability of strains to synthesize the anti- 
hiotics, with even closely related strains responding 
differently to these modifications (Savage, 1949; Gar- 
ner and Koffler, 1953; Pittenger and McCoy, 1953; 
Levitov et al., 1958). 

Many actinomycetes, for example streptomycin, 
chlortetracycline, and oxytetracycline producers, are 
known to synthesize considerable amounts of the anti- 
hiotics in media containing 0.25 to 0.5 per cent of corn 
steep liquor (dry weight). A small increase in the 
amount of the corn steep liquor in the medium leads to 
i marked inhibition of the antibiotic synthesis due 
to the increase in the concentration of soluble inorganic 
phosphorus, the surplus of which has a negative effect 
on the antibiotic production (Brinberg and Grabov- 
skayn, 1958; Prokofieva-Belgovskaya and Orlova, 


1958; Prokofieva-Belgovskaya and 1959; 
Orlova and Verkhovtzeva, 1959b). 

Various mutagenic factors are known to produce 
marked changes in certain morphological and physi- 
ological properties of actinomycetes. However we do 
not yet know any actinomycetes strain, the anti- 
biotic-producing ability of which would remain un- 
affected with a marked increase’ in amount of corn 
steep liquor in the medium. 

In this paper the cases concerning the occurrence 
of such variants in Streptomyces rimosus, which pro- 
duces oxytetracycline, are reported. 


Popova, 


MATERIALS AND METHODS 

As starting material, a highly active strain S. ri- 
mosus LS-T118 was used. This culture was obtained 
by selection of ultraviolet-induced variants of S. ri- 
mosus strain 8229. Two biochemical mutants of strain 
8229 were used also, as well as their recombinants. 

Ultraviolet. light was used for the selection of the 
antibiotic-producing property, the source of radiation 
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being a bactericidal lamp BUV-30 emitting rays with 
a wave length of 2537 A. 

The techniques of ultraviolet irradiation and selec- 
tion of active variants, as well as the medium compo- 
sition and fermentation conditions, are described in the 
paper dealing with selection of S. riémosus (Mindlin 
and Alikhanian, 1958). 

RESULTS AND Discussion 

After ultraviolet irradiation of the spores (dose 
2500 ergs per mm’), LS-T118 variant no. 293 (named 
later strain LS-T293) was selected from among 450 
survivors as the most active one. 

The study of strain LS-T293 and the comparison 
of its activity with that of the starting strain LS-T118 
revealed a phenomenon which would at first sight seem 
rather strange, namely, the advantages of strain LS- 
T293 were observed only in media containing certain 


TABLE 1 
Oxytetracycline production by Streptomyces rimosus strains 
LS-7T118 and LS-T293 in media containing different amounts 
of corn steep liquor 
Oxytetracycline Production (ug/ml) 
Strain LS-T118 


Corn Steep Strain LS-T293 











i\ OL, 7 


batches of corn steep liquor (when its concentration in 
the medium was 0.5 per cent). In media cont:ining 
corn steep liquor taken from other batches, strain LS. 
T293 was even inferior in activity to strain LS-T118, 
Later, it was found that the optimal concentration of 
corn steep liquor was different for each strain and de- 
pendent on the batch of the corn steep liquor. The 
typical data on the production of oxytetracycline by 
strains LS-T118 and LS-T293 in media containing 
different amounts of corn steep liquor taken from two 
batches are presented in table 1. 

It is evident from table 1 that, for strain LS-T118, 
the optimal concentrations of corn steep liquor are 
0.25 to 0.5 per cent with batch no. 165, and 0.25 per 
cent with batch no. 12. The optimal concentrations 
of corn steep liquor for strain LS-T293 are 1.0 and 
0.5 per cent, respectively; that is, at least twice as 
high as those for strain LS-T118. It is interesting to 
note that the selection of strain LS-T293 was per- 
formed on the medium containing 0.5 per cent corn 
steep liquor from batch no. 12, that is, in conditions 
that were not optimal for the antibiotic production 
by strain LS-T118. 

The comparison of growth and development charac- 
teristics of the two strains, as well as their abilities to 











Liquor . produce oxytetracycline in media containing 0.25 to 
Batch No. Corn steep liquor in the medium (%) = i . é 
one : ; 0.5 per cent corn steep liquor, showed that in such 
0.25 0.5 1.0 0.25 0.5 1.0 conditions, strain LS-T293 was characterized by poor 
z growth, slow carbohydrate utilization, and low levels 
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Figure 1. The dependence of growth, carbohydrate utilization, and oxytetracycline production by Streptomyces rimosus, strains 
LS-T118 and LS-T293, on the inorganic phosphorus content in corn steep liquor medium. J = maximum production of oxytetra- 
cycline; 77 = maximum weight of mycelia; and J/7 = the carbohydrate level in the medium after 68 hr of fermentation characte? 


izing the rate of their utilization. 1, 1a = strain LS-T118; 2, 2a 


strain LS-T293; 1, 2 = medium with 0.25 to 1.0 per cent of corn 


steep liquor containing 1.02 per cent of inorganic phosphorus. Ja, 2a = medium with 0.25 to 1.0 per cent of corn steep liquor con- 


taining 2.25 per cent of inorganic phosphorus. 
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In connection with the published data on the im- 
portance of inorganic phosphorus for the biosynthesis 
of oxytetracycline and other antibiotics, a compara- 
tive study of strains LS-T118 and LS-T293 was carried 
ot with the use of two media containing various 
amounts of corn steep liquor taken from two batches 
lifering in the content of inorganic phosphorus 
(figure 1). 

It is evident from figure 1 that the increase in the 
amount of corn steep liquor and, consequently, in- 
organic phosphorus concentration in the medium has 
anegative effect on oxytetracycline synthesis by strain 
[S-T118 and a positive effect (to a certain limit) on 
oxytetracyeline synthesis by strain LS-T293. Strain 
S-T293 produces about the same amount of oxytet- 
neycline in corn steep liquor medium as strain LS- 
T18, provided the content of soluble inorganic phos- 
phorus in the medium is 7 to 9 mg per 100 ml, whereas 
the optimal concentration of inorganic phosphorus for 
strain LS-T118 is approximately 3 mg per 100 ml. 

It should be noted that the growth of strain LS-T293 
und its carbohydrate utilization depend to a larger 
extent on the amount of corn steep liquor in the me- 
dium as compared with strain LS-T118. The growth 
of strain LS-T293 in media containing small amounts 
of corn steep liquor is poorer, whereas in media con- 
taining large amounts of corn steep liquor, this strain 
produces more mycelia. Special emphasis should be 
laid to the fact that a marked inhibition of the anti- 
biotic synthesis, accompanied by an increase of the 
inorganic phosphorus concentration, is observed in 
both strains when the amount of the mycelia is con- 
stant or in some cases even increased. 

This fact seems to be related to an important change 
in the hereditary mechanism of strain LS-T293 which 
is directly connected with the mechanism of oxytetra- 
eycline synthesis. 

A comparative study of the two strains on synthetic 
media supplemented with corn steep liquor ash con- 
taining different amounts of soluble inorganic phos- 
phorus gave the same results. 

To study the decisive role of inorganic phosphorus, 
experiments were carried out in which inorganic phos- 
phorus in the form of potassium phosphate was added 


)to the medium containing small amounts of corn 


steep liquor. 

As was expected, the addition of inorganic phos- 
phorus led to an inhibition of oxytetracycline synthe- 
sis by strain LS-T118 and to stimulation of oxytetra- 
cycline synthesis by strain LS-T293. Moreover, the 
addition of inorganic phosphorus, just as the increase 
in amount of corn steep liquor, accelerated the growth 
and carbohydrate utilization. 

Furthermore, it is necessary to note that the addi- 
tion of inorganic phosphorus stimulated oxytetracy- 


cline production by strain LS-T293 to a lesser extent 


than did the addition of corn steep liquor. This indi- 
‘ates that, for the production of large amounts of the 
antibiotic, strain LS-T293 requires not only phos- 
phorus but other nutrients that are contained in corn 
steep liquor. 

It is of interest that batch no. 12 of corn steep liquor 
used for the selection of strain LS-T293 contained con- 
siderable amounts of inorganic phosphorus (2.0 per 
cent) which could not but affect the properties of this 
strain. 

Since strain LS-T293 requires higher concentrations 
of nutrients in the medium, it was possible to suppose 
that this strain requires higher rates of aeration 
(table 2). 

The data presented in table 2 show that, if strain 
LS-T293 is cultivated under conditions unfavorable 
for its growth (0.5 per cent of corn steep liquor in the 
medium), the aeration rate has no effect on the anti- 
biotic synthesis; whereas, strain LS-T118, if culti- 
rated in the same medium, responds to the reduction 
in the aeration rate by slower growth and decreased 
oxytetracycline synthesis. The same phenomenon, al- 
though not as pronounced, is observed when strain 
LS-T293 is cultivated in media containing 0.75 per 
cent corn steep liquor, that is, in conditions favorable 
for the antibiotic synthesis. 

Thus, strain LS-T293, named as a ‘phosphorus’ 
mutant, has a number of essential physiological proper- 
ties. It is characterized by poor growth, slow carbo- 
hydrate utilization, and low levels of antibiotic pro- 
duction in the medium optimal for the production 
of oxytetracycline by strain LS-T118, from which it 
is derived. The acceleration of growth, carbohydrate 
utilization, and biosynthesis may be achieved by an 
increase in the amount of corn steep liquor in the 
medium up to 0.75 to 1.0 per cent. In this case, the 
content. of inorganic phosphorus in the medium plays 
the decisive role. For strain LS-T293 to utilize carbo- 
hydrate at the same rate as strain LS-T118, it is neces- 
sary to increase the concentration of soluble inorganic 


TABLE 2 ° 


Influence of aeration conditions on oxytetracycline synthesis by 
Streptomyces rimosus strains LS-T118 and LS-T293 











eee | F ee 
Strain LS-T | tinue el Mediane a |Oxytetracycline ene 

| wt) 750-ml Flask | _ (max) 
% ml ug/ml mg/100 ml 

18 | 0.5 60 | 8270 746 

| 125 | 3330 739 

250 2440 667 

2933 | 0.5 | 60 | 1870 | 700 

| 125 | 2040 | 665 

| | 250 | 2040 626 

23 | 0.75 | 60 3400 834 

| 125 3240 781 

2530 | 2960 787 
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phosphorus in the medium to 7 to 9 mg per 100 ml, as 
compared to 2 to 4 mg per 100 ml optimal for strain 
LS-T118. 

It is interesting that, in spite of quite different re- 
quirements for the biosynthesis of the antibiotic by 
the two strains, they utilize just the same amount of 
‘arbohydrate and produce about the same amount of 
mycelia in conditions optimal for the maximal produc- 
tion of oxytetracycline. 

The occurrence of variants similar in their physi- 
ological properties to the “phosphorus” mutant LS- 
T293 was observed by us not only as a result of treat- 
ing the strain with mutagenic factors (ultraviolet 
light in our experiments) but in cases of hybridiza- 
tion. The hybrid (recombinant) forms in S. rimosus 
arising from the mixed culture of two biochemical 
mutants were described earlier (Alikhanian and Mind- 
lin, 1957). In one of our combinations we used bio- 
chemical mutants derived from strain 8229 (the an- 
cestor of strain LS-T118). One of these biochemical 
mutants (no. 1361) required threonine and the other 
(no. 310) required valine and isoleucine. From this 
combination, two types of prototrophic recombinants 
differing in their morphological features arose. The 
study of the antibiotic activity of these recombinants 
revealed, in addition, great physiological differences 
between them. While the antibiotic activity of the 
recombinants of one type (II), just as the activity 
of their parent strain 8229, decreased with the in- 
crease in amount of corn steep liquor in the me- 
dium, the antibiotic activity of the recombinants of 
the other type (I) in similar conditions increased; 
that is, their behavior resembled that of the ‘‘phos- 
phorus” mutant LS-T293. The antibiotic activity of 
strain 8229 and of the two recombinant types ob- 
tained from combination 310 + 1361 in media contain- 
ing different amounts of corn steep liquor (batch 
no. 12) is presented in table 3. 


TABLE 3 
Comparative activity of Streptomyces rimosus strain 8229 and the 
two types of recombinants between biochemical mutants of this 
strain in media containing different amounts of corn steep 
liquor 





Oxytetracycline 

Yield (ug/ml) | Ratio of Activ- 

ity in 0.5% 

Corn Steep 
Liquor Medium 
to Activity in 

0.25% Corn 
Steep Liquor 


Corn steep 
liquor in the 
medium (%) 


Strain 


Medium (%) 
0.25 0.5 
Streptomyces rimosus 8229.........| 1470 | 625 | 43 
Recombinant 310 + 1361 of type II.) 1600 | 1145 72 


Recombinant 310 + 1361 of type I. 740 





1555 210 
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As is evident from table 3, the activity of the recom. 
binant of type I with the increase in amount of con 
steep liquor from 0.25 to 0.5 per cent increased almoy 
twofold, whereas the activities of strain 8229 «nd th 
recombinant of type II greatly decreased (by 57 an 
28 per cent, respectively). 

Thus, marked changes of hereditary physiologic; 
properties may be brought about not only with the 
treatment of strains by various mutagenic factors by 
also with the use of the recombination phenomenon, 


SUMMARY 


’ 


The occurrence of “phosphorus” mutation in Strep. 
tomyces rimosus strain LS-T293, under the action ¢ 
ultraviolet radiation, is described. For the maxim; 
production of oxytetracycline, this strain is shown to 
require increased amounts of inorganic phosphorus 
in the medium. 

Similar strains, as far as their response to varying 
amounts of inorganic phosphorus in the medium js 
concerned, are obtained by means of hybridization 
(recombination). 
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In 1891 Ehrlich demonstrated the antimalarial ac- Lentinus lepideus Madison 534 
; tivity of methylene blue and a few years later dis- Porta incrassata Madison 563 
Strep covered that trypan red would kill trypanosomes. Lenzites trabea Madison 617 
7” °F These disclosures helped lay the foundations of chemo- Polyporus versicolor Madison 697 
aximal therapy. Since that time many workers have studied Poria monticola Madison 698 
WI OR the effects of dyes on microorganisms, among them Coniophora puteana Madison 515 
Phons Stearn and Stearn (1924). Dion and Lord (1944) and : es 
_ B Aiquel and Herraro (1948) have shown that basic dyes Dyes are grouped according to the classification 
aTyte & re toxic to Fusarium culmorum and to two species of used in the new Colour Index (1956) which also fur- 
—s Aspergilli. Attempts have been made (by Mietzsch, nished the structures: assigned and the Colour Index 
ation 1936; Goldacre and Phillips, 1949; and Fischer, (C.1.) numbers listed in the tables. 
1957) to relate the toxicity of these basic dyes to 
their structures. Michaelis and Granick (1945) and RESULTS 
nation & Michaelis (1947, 1949) attempted to explain the tox- Table 1 lists the dyes and compounds which were 
icity by showing that basic dyes react irreversibly found to be ineffective at 0.1 per cent or 1000 ppm. 
yn the F with nucleic acids. Similar studies have been carried Those materials which inhibited some of the test organ- 
trepto Bout by Neuberg and Roberts (1949), Steiner and Beers isms at 0.1 per cent and none at 0.01 per cent were 
is (1958), and di Marco and Boretti (1950). Basu and classed as slightly effective and listed in table 2. The 
Whitaker (1953) found that acid and basic dyes were effective dyes and related compounds are listed in 
Bycu- § inhibitory to the isolated cellulase of A/yrothectum table 3 where the numbers indicate the approximate 
198 F verrucaria. A United States patent issued to Conn diameter of growth after 4 weeks of incubation. In 
rilliun F (1935) disclosed the use of crystal violet and malachite some cases, for the purposes of contrast, slightly effec- 
-uvr. f green for the preservation of cotton fish nets. tive compounds are included in table 3. 
imosus | In this laboratory we have studied the toxicity of 
18-21. BF dyes and certain related compounds to six species of DISCUSSION 
npara: F wood-destroying fungi selected either because of their : . : 
yeline vigorous attack on wood or because of their economic a —— mi ome dyes non mah eatnes nse 
— importance to the wood-preserving industry. Initial the six test organisms. Except for the chrysoidines, 
role of } Screening was conducted on nutrient agar plates and ee NH2 
liquor — this paper will deal with the results obtained. Fd \ ee, —NHs* CI- 
logiya, x ) 3 
MATERIALS AND METHODS Chrysoidine G 11270 
i. All compounds were used in the purest form com- CH; NH 
mercially available. Most of the dyes were commercial rd “he 
_ 1958 | samples furnished by the distributors. Test plates were (anen—{ anit CI 
e pro: # prepared to contain 4.5 per cent Difco Bacto dehy- \ Je 
edium F drated malt agar’ and 0.1, 0.01, or 0.001 per cent of ‘as om 
fal ; Chrysoidine 3R 11325 
4939 | the compound to be screened. The plates were steri- 
tetino- | lized and then inoculated with 2-week-old stock cul- all of the effective dyes were arylmethanes. The re- 
rtetra- tures grown on the same nutrient agar. The approx- guite obtained substantiate conclusions of other week 
— 6 recregd of ying was recorded ine 4 ve ers who have shown that the “leuco” form of a toxic 
ot and | 2, Wcubation at 80 F (¢ ontophora puteana at 73.5 F). arylmethane dye is inactive (Fischer, 1957). Appar- 
The test organisms and strains used were: ently the quinoid structure is required, quite possibly 
' Difeo Laboratories, Inc., Detroit, Michigan. because of the necessity, at least in part, for a flat 
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molecular structure as suggested by Albert (1951) and 
Greenstein (1954). 


j,* 


\ 
)—N (CHs)2 


< ; »—N (CH3)2 


Leuco malachite green (nontoxic) 
/ \S—N(CHs)2 
/ ae ; / =e i 
( = 


. . \ / \, . 
\ )=N(CH3)2 
= / 


Malachite green dye (highly toxic) 


Valko and DuBois (1945) have shown that cationic 
bactericides are inactivated by anions of high molec- 
ular weight. This is in agreement with the results 
obtained with the acid dyes, C.1. nos. 42051, 42090, 
42100, and 42755, all of which are sulfonated aryl- 
methanes. For example, soluble blue is sulfonated 
spirit blue and is inactive, whereas the parent com- 
pound is toxic to all test organisms at 1000 ppm. 
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y, 3 
a. Sere 4 vay 
po a cr 


a » H <> 


Spirit blue 42776 
CH: 


/\t_y ~ ( / NH: 
i. 4 ae NSO; Na 
\ pad Ss mks 
eg I 





/ 


iS 


SO;Na 


SO; 


Soluble blue 42756 


Although great caution is necessary when conclu- 
sions are drawn regarding the relationship betwee, 
structure and toxicity, some speculations concerning 
substituted arylmethanes may be offered. 

(a) Three phenyl substituents are more effective 
than two. Malachite green is much more toxic than 
auramine. 


TABLE 1 


Dyes and related compounds ineffective against wood- destroying fungi at 1000 ‘ppm 








Name Colour Index No. Name Colour Index No. 
Direct Dyes Miscellaneous Dyes 
Chloramine yellow 19555 EE PNG let ie a eae 53185 
Congo red... hina d 2x ; ae 22120 SUNS MORNE ROUNG oo oes 6 choke bdo wiey Chwa SF 40% 53295 
SS Se ar 22130 BA 1. ea ee Ee a ee a ee 58000 
Congo corinth G.......... ee 22145 | PCRS MAING NONE E IN 6555.5 65 ess ass: 5.s cee ae nwa 8 ao sestieie 61100 
Sirius supra blue FBGL. i 23155 Celiton fast pink BESB x... 05 ccc cccsaccs cases 62015 
Benzopurpurine 4B ......... 23500 Catton tone GGA. os ce Se eta eee | 64500 
Benzo blue 3B............. a 23850 toe CUS. |i Mand aseers 
Diamine sky blue FF ...... : 24410 NI OWEN 2 ooo hock esatnians anid Saaend 4 o4 | 
Sirius supra turquoise blue.... 74180 | PROMON MNANT OG VE. ...5 5.05. oes cess cass | 
Basic Dyes | Related Compounds | 
Bismarck brown G...... eee 21000 p,p',p”-Methylidyne-tris(N , N-dimethy] aniline . | leuco 42555 
Acridine red 3B............. Ae 45000 | p,p’,p”-Triaminotriphenylmethane............... | leuco 42500 
Acridine orange NO.... oo oe 46005 | PE OS A a 
Acridine yellow............... sf 46025 | N, N-Diethyianiline. .....................-. 
Phosphine. .. oe eee el 46045 b t-R ON VIOMOUIBMIRE o.oo on oe ke ee ees 
Je Oe oer eae 50240 en Er ee 
Methylene blue............. es 52015 Benzidine Nr Sinan d da aes saw o 
Trypan red... acon 7 coke — i NSN,’ N’- Tetramethylbensidine eats Ss ceeeataen 
Doebner’s violet. ............ — | p-Aminosalicyclic acid...................... 
Acid Dyes TLL | i 
Patent blue V.. So ae LENE Wel 42051 | p,p'-Bis(dimethylamino)diphenylmethane........ 
Erioglaucine........ Ate 42090 | p-Dimethylaminoazobenzene..................... 
Brilliant milling green B ere = 42100 | p,p’-Bis(dimet hylamino)thiobenzophenone ONT eae 
MPI ee ern gee alec CDE 6.9 asec KT 42755 eee anes 
Vat Dyes | B,B-Dinmimocerbasele.... cc. oon cece cece esse 
Indanthrene orange RRT............... 59705 | 3-Amino-9-methylearbazole....................... 
Caledone jade green........... — 59825 | 3,6-Diamino-9-methylearbazole.................. 
Indanthrene brilliant violet RK...... ; 63365 | 
ID sil Sines 83 Ga a aa .| 73000 
Indigo MLB...... ea Pane 73071 
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(b) Alkyl substituents on the amino nitrogen atoms 
increase the toxicity. Malachite green is more toxic 
than Doebner’s violet and crystal violet is more toxic 
than para magenta. 


TABLE 2 
Dyes and related compounds slightly effective against 
wood-destroying fungi at 1000 ppm 


Name | Colour Index No. 


Basic Dyes 





RINE hoc 5575.8 og Gia oe aioe sears en 41000 
ee Ne Ea eee 42500 
OES SS ata 2 aa ea 42510 
Himore pure Dlue B..... 2... i... esse ee cen 42595 
RRR MMII 8 oi u' a'y so rod Poeun SEA EAE 44045 
Acriflavine........ 46000 
Acid Dye 

NE Cl 27290 
Vat Dye 

Indanthrene brilliant orange RK 7) 59300 
Mordant Dye | 
Metachrome brown B...................... 11335 


Related Compounds 

p,p'-Benzylidene-bis(N , N-dimethy])aniline. .| 
o-Phenylenediamine 
N,N-Dimethyl-p-phenylenediamine | 


leuco 42000 


TOXICITY OF DYES TO WOOD-DESTROYING FUNGI 





H:N—C ey Cl- ( \— i z Cl- 
\ N(CH): het { \=kn, 
oe Nase 
Auramine 41000 Doebner’s violet 
(=n Hs )o 
(CH; wn »_— of _ Cl 
co 
J=N(CHs)2 
@ 
Crystal violet 42555 
a2 e. a 
H, xC ) _ Cl- 


Para magenta 1 426 00 


(c) The electronegative chlorine substituent in seto- 
glaucine did not increase its toxicity over malachite 
green. 

(d) The replacement of phenyl groups with larger 
groups such as naphthyl reduces the toxicity to fungi. 
Ethyl violet is more effective than Victoria pure blue 


TABLE 3 











* Numbers selhin ate sineadimine diameter of 4 weeks’ growth in 
































Growth* of wood-destroying fungi on agar plates containing dyes and related compounds 
— Poria incrassata | Lenziles trabea | —— | Poria monticola — @ 
Type and Classical Name | Pi ong ppm ppm ppm | ppm ppm ppm 
| | 1000 | 100 | 10 | 1000} 100 | 10 | 1000 | 100 10 , 1000 | 100 | 10 1000 | 100 10 1000 | 100 1 
——| = | | = = a eae ey 
Basic Dyes | | | | | | | 

Chrysoidine G. . 11270 | 0 9 9 | 0; 9 gh 8S 9 2) D1) 9 9 0; 9] 9 3 9 9 
Chrysoidine 3R. .. ..| 11325 | 0] 9] 9] 0| 9; 9] 9] 9] 9| 9] 91 9] oO} 9] 9| 0} 9] 9 
Malachite green... ....| 42000 | 0; 0} O| O; O; 8; O! O} 6] O] OF 9} O| O} 9} OF} 5| 9 
Setoglaucine . . . 42025 | 0| 0| 0] 0| 0| 9| Oj O| 5 | 9 | O| 9] O| O| 6] O| 2] 4 
Brilliant green.... 42040 0 eo} 0]. 0] Oo} 9 0; OF} S| 0 7 9 0 0| 7 0 2; 6 
Setocyanine........ ..| 42140 | O}| 4] 8] 2] 8| 8] 0] 6] 9] 7] 9} 9} 4] 9] 9] 38] 9] 9 
Methyl violet B.. | 42535 | 0| 2| 4| 4| 9] 9 | 0 | 9 19} 9} 9| 9} o| 6 | 9| 6| 9| 9 
Benzyl violet... ..| 42586 | 0} 2| 4| 3| 9] 9] 0] 6 | 9/ 0] 9} 9] oO] 2] 8} 3) 9} 9 
Crystal violet... 42555 | 0| 0} 7} 9] 9; 9] O| 5| 9] 9} 9} 9} O| 7] 9] 9] 9I 9 
Ethyl violet........ 42600 | 0} o| 21 5] 7] 8| 0] 2] 2] 3] 6] 8! oO] 4] 5] 4] 7] 9 
Spirit blue......... ......{ 42775 | 0} 8} 9| O}| O| 9] O| 9 | 9} 0] 9| 9] 0] 9] 9] oO] 81 9 
Rhodamine 6G...... penete | 45160 0 | 3) 9) 0 | O59 | 0 | 9; 9 4 9 9 0} 9} 9] 2-9 9 
Rhodamine B.... | 45170 | 0] 9| 9) 0| 9] 9) 2] 9] 9] 7] 9] 9] 2] 9] 9| 0] 9] 9 

+ Related Compounds | | | | | | 
SSAC te CE ee oe 6! 9} 9| 0] 7] 9] Oo] 9| 9] 9] 9] 9] 21 9] 9} Of 9) 9 
N,N- Dimethylnaphthyl: eae | 2 Sl 8 | 0 | 9; 9] 3 | Ot Ot Oh “Ba Sal Ot <8 | | Of 9 | 9 
N,N-Diethylnaphthylamine ................. 0| 9 | Ot 0] el “D) Ox Or) 9s Ou OF} 9a "O29 | eo) Of Fp 9 
p-Dimethylaminobenzaldehyde .............. 5| 9|— | 0; 9 | —!; 0} 9|—| O} 9}|—]} Of 9 =i @ | ie 
p-Diethylaminobenzaldehyde .............. 0; 9 | (east ES | -}/ O| 9|/—] O| 9|—] O| 9 | —| 0|; 9|— 
P,p’-Diaminodiphenylmethane ............... 0o| 9!| 9| 0] 7] 9 | 0; 9; 9} O} 9} 9] 4] 9} 9} O}] 9} 9 
p,-Aminobenzophenone ...................... ) 2; 9}—]| 0} 9}—]} O| 9} —] O| 9}/—]} O}; 9} —] OF 8] — 
p-Dimethylaminobenzophenone.............. | 8| 9 | 9} 0} 0} 9] 3] 9} 9} 5] 9] 9] 3] 9] 9] O | 3 | 9 
p- Diethylaminobenzophenone re reer ae me ae ee a ee ee ae ee 8| 9| 9| 5| 9] 9] 4] 8 | 9 
+4 -Bis(diethylamino)benzophenone ........ | 4] 6] 6) 3] 5| 9] O| O| Oo; 9} 9/ 9] 6] 8] 9] 9| 9] 9 
3,7-Diaminoacridine ......................65. | o| 9| 9] o| 9] 9 | 0) 9| 9 |} 0} 9) 9] 4 | 9| 9| 5| 9] 9 











centimeters with a maximum of 9. 
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and methyl violet B is more active than Victoria 
blue B. 
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Brilliant green 42040 
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(e) The low toxicity of the rhodamines compared to 
the structurally related brilliant green might be due to 
the oxygen bridge or to the anionic carboxyl group. 
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kK S—N(C2Hs5)2 
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Rhodamine B 45170 
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Rhodamine 6G 45160 

None of the simpler related organic compounds were 
as toxic as the arylmethane dyes and only a few were 
effective at 100 ppm or less. Portia incrassata was in- 
hibited at 100 ppm by p-dimethyl- and p-dicthyl- 
aminobenzophenone, and Lenzites trabea was inhibited 
at a concentration of 10 ppm by p,p’-bis(diethyl- 
amino)benzophenone which did not inhibit the other 
test organisms at 1000 ppm. No explanation is offered 
for this highly specific inhibition. 
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SUMMARY 


The arylmethane basic dyes, particularly those con- 
taining three phenyl groups with two p-dialkylamino 
substituents, appear to be effective fungicides when 
tested on nutrient agar plates against six species of 
wood-destroying fungi. Brilliant green (Colour Index 
no. 42040) and malachite green (Colour Index no. 
42000), both available commercially, are the most 
toxic of the group. 
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In a previous publication (Gourevitch et al., 1955), 
a scheme was proposed postulating that the difference 
in the biosynthesis of chlortetracycline and tetra- 
eyeline resided in the chlorination of a common pre- 
cursor for the two antibiotics. The amount of synthesis 
of either compound depends upon the rate at which 
the precursor is chlorinated. Bromide was shown to 
inhibit competitively the chlorination reaction but 
led to the biosynthesis of some bromtetracycline. 
Other workers reported similar phenomena (Sensi 
et al., 1955; Arishima ef al., 1956; Doerschuk et al., 
1956). 

An alternative method of inhibiting chlorination 
was reported by Sekizawa (1955). He found that cer- 
tain organic compounds had the property of shifting 
synthesis from chlortetracycline to tetracycline. The 
most active compound reported was 2-mercaptobenzo- 
thiazole. It was most effective at levels which were 
somewhat toxie since the highest percentages of tetra- 
cyeline were obtained with amounts that inhibited 
the over-all synthesis of the antibiotics. The problem 
was further examined in this laboratory and a variety 
of compounds tested to determine if any structure- 
activity relationship could be determined. 


MATERIALS AND METHODS 


The organism used for the fermentation work was a 
mutated strain derived from a culture of Streptomyces 
aureofaciens isolated from soil. 

Fermentations were carried out in the following 
medium: sucrose, 7.0 per cent; (NH,4)2SOx,, 0.45 per 
cent; CaCOs;, 0.6 per cent; Pharmamedia,' 2.0 per 
cent; dechlorinated corn steep (Hatch et al., 1956), 
1.5 per cent (50 per cent solids); ZnSO, 0.003 per 
cent; NaCl, 0.4 per cent.The amount of chloride added 
was sufficient to enable the strain under control condi- 
tions to produce preferentially high percentages of 
chlortetracycline. ; 

Fermentations were done in 125-ml Erlenmeyer 
flasks on a rotary shaker ascribing a 5 em circle at 
200 rpm. Temperature was maintained at 27 C. Flasks 
were sampled after 7 days for assay. The quantitative 
assays were carried out as follows. 

Samples were brought to pH 1.8 by addition of con- 
centrated phosphoric acid. After centrifuging, the 
sample was placed in duplicate test tubes. To one was 
added pH 2.0 buffer (Pharmacopeia of the United 
States, 1955) and to the other, 2 n HCl. The acid- 


‘ Proflow Division, Traders Oil Company, Fort Worth, 
Texas. 
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treated samples were placed in a 70 C water bath for 
15 min, removed, and cooled in ice water immediately. 

A spectrophotometer was used at the 355 my wave 
length to determine absorption differences in the 
samples. The spectrophotometer was adjusted to zero 
with the acid blank and a direct reading was obtained 
from the buffer blank. Referral to a standard curve 
obtained with different levels of tetracycline yielded 
potency in tetracycline equivalents. One thousand yg 
per ml of chlortetracycline under these conditions 
assays as 532.2 wg per ml of tetracycline equivalents. 

The percentage of tetracycline was determined by 
acidifying broths to pH 2 with hydrochloric acid and 
carrying out a quantitative paper chromatographic 
assay on the supernatant. The solvent used for chro- 
matography was a water-butanol system. Comparison 
of zone sizes with those of tetracycline and chlortetra- 
eycline standards permitted estimates of percentage 
of each antibiotic. 


RESULTS 

Fermentations were carried out using a variety of 
compounds to determine which types were active in 
inhibiting chlorination. These compounds are listed 
in table 1 and are divided into four groups. One group 
was deemed inactive, the second slightly active, a 
third moderately active, and a fourth very active. The 
results given were for the levels showing no or only 
moderate decrease in over-all antibiotic production. 
The control level with no added chlorination inhibitor 
was 3500 wg per ml with the percentage of tetracycline 
being less than 40 per cent. 

The compounds in group 1, all except no. 4, were 
very toxic at levels above 0.002 per cent. The lack of 
activity of these compounds might be attributable to 
the fact that they could not be tested at higher con- 
centrations due to their toxicity. 


DISCUSSION 


From this study, it appears that a wide variety of 
materials have the property of inhibiting chlorina- 
tion to varying degrees. There seem to be certain 
relationships between activity and structure. The 
moderately active and very active compounds in this 
series all have in common the grouping (I) or tau- 
tomer (II) in a cyclic system wherein X may represent 
a nitrogen, oxygen, or sulfur atom. 


~ 


H 
r----N. oe 
C—SH ‘C=8 
hw we weal ashes 

I II 


It is perhaps noteworthy that the highly active 
thiadiazole (no. 13) has structural features resembling 
a condensation product derived from the activity- 
promoting group (I). 
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TABLE 1 


Effect of various compounds on the relative productio 


tetracycline and chlorination 


| Total Ac- 
} tivity 
Compound Level | (Tetra- 
| cycline 
| Equiva- 
lents) 
Inactive Compounds 
% | pore 
i. HS—CH,—CO.H 0.002 | 1575 
| 
| 
Thioglyecollie acid | 
(mereaptoacetic acid) | 
2. CHs-(CHe)-CH2-SH 0.002 | 1905 
| 
1-Dodecanethiol | 
3. Ss Ss 0.002 | 2165 
| | | 
H.N-C-NH-C-NH2 
2,4-Dithiobiuret | 
| 
"a S 0.004 | 1475 
I 
H.N-C-NH-NH, | 
| 
Thiosemicarbazide 
5. NaSCN 0.002 | 1650 
Thiocyanie acid (sodium salt) 
6. S 0.002 | 1450 
NH—C | 
fo ~ | 
cao" NH | 
ae | 
CH—C 
~ ) | 
| 


6-Methyl-2-thiouracil 


Slightly Active 


7. NH, 0.006 | 
2 ee 


‘SH 


2-Aminobenzenethiol 


0.005 2145 


CH,—C ‘s 
\ Pd 
‘CH—C-CH; 
oN 
CH, 


2-Mercapto-4,6,6-trimethy]- 
1,3,6-thiazine 
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TABLE 1—Continued 


Compound Level 
i), H:C— N 0.0038 
| . | 5 


| / 
H.C—S | 


2-Mercapto-2-thiazoline 


Moderately Active 


10, HsC—C—N 0 
| C—SH " 
H; C—C—S 
2-Mercapto-4,5-dimethylthiazole 
i N. d 
ae 0 
| C—SH 0 


2-Mercaptobenzothiazole 


Very Active 


C—SH 


Q 


2-Benzoxazolethiol 


| 
HS—C C—SH 


M4. UN, 0 
C—SH 
‘NH 
2-Mercaptobenzimidazole 


Differences in structure at sites other than the ac- 
the 


0038 
.005 


0.0038 
004 
006 


004 
.006 


004 


.006 


tivity-promoting group can affect 


differences. 


Total 


Activity 


(Tetra- 

cycline 

Equiva- 
lents) 


g/m 
3070 
2935 


2470 
2030 


3888 
2160 
2805 


2600 
3380 


2360 


1510 


over-all 
tivity. Comparison of compound 9 with 10 and 11 
with 14 demonstrates influences of relatively small 


Tetra- 
cycline 


65 
80-85 


50-55 
65 
8O 


90 
93-95 


90-95 


90-95 


ac- 


The study described above gives no definite clue 
as to the mechanism by which these compounds affect 
the biosynthesis. The presence of the sulfhydry! group 
in I raises the possibility of participation in an oxi- 
dation-reduction type of reaction. Since the chloride 
ion must be oxidized before it can be incorporated 
into chlortetracycline, these compounds may work by 
interfering with this process. 
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SUMMARY 


A variety of compounds were studied to determine 
their effect on the biosynthesis of tetracycline by 
Streptomyces aureofaciens in the presence of chloride. 
A number of compounds were found to inhibit chlorin- 
ation, increasing markedly the ratio of tetracycline 
to chlortetracycline formed. These compounds had 
certain structural features in common and the rela- 
tionship between structure and function was pointed 
out. 
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A recent study in this laboratory demonstrated the 
effect of controlled fermentation of maple sap on the 
quality of the sirup obtained (Naghski et al., 1957). 
These fermentations were carried out in 50-L glass 
‘sarboys. When the glass containers were replaced by 
galvanized, 10-gal cans, variable results were observed. 
It was noted that, in new cans, several of the inocula 
diminished almost to sterility within a few days, whereas 
in older cans, growth progressed at about the usual 
rate. This germicidal effect of the cans was tentatively 
attributed to the zine coatings. 
The oligodynamic effect of metals, including zine, 

microorganisms received considerable attention 
several decades ago. Inhibition by zine has been re- 
ported for many types of bacteria (Hotchkiss, 1923; 
Colley, 1931; Winslow and Haywood, 1931; Perlman, 
1945; Hughes, 1948; Lees, 1948; Svec, 1948; Abelson 
and Aldous, 1950; MacLeod and Snell, 1950; Feeney, 
1952; MacLeod, 1954) and fungi (Seifriz and Uraguchi, 
1941; Tomlinson ef al., 1950; Miller and MecCallan, 
1957). As with many inorganic inhibitors, zine in dilute 
concentration can be stimulatory to growth (Hotchkiss, 
1923; Colley, 1931; Winslow and Haywood, 1931). 

This study was initiated to determine whether or 
not zine ions from the surfaces of galvanized containers 
could dissolve in sufficient concentration to inhibit the 
organisms inoculated into maple sap. 


on 


EXPERIMENTAL METHODS 


Cultures. Five bacterial and two yeast strains, isolated 
previously from naturally fermenting sap, were em- 
ployed in this study. Preliminary taxonomic studies 
have been described elsewhere and temporary generic 
designations assigned to some of these strains (Naghski 
et al., 1957). Identification of yeast. strain as 
Cryptococcus albidus was made by L. J. Wickerham of 
the Northern Utilization Research and Development 
Division at Peoria, Illinois. The following designations 
were used for the strains included in this study: Bac- 
terium-587, Pseudomonas-11, Pseudomonas-25, Flavo- 
bacterium-583, Achromobacter-385, yeast-M6, Cryp- 


one 


1 Present address: National Institutes of Health, Bethesda, 
Maryland. 

2 Eastern Utilization Research and Development Division, 
Agricultural Research Service, United States Department of 
Agriculture. 


tococcus albidus-496. Stock cultures of all organisms 
were maintained on nutrient agar slants. 

Preparation of inocula. Slants of tryptone glucose 
yeast extract (TGY) agar were inoculated from stock 
cultures. After incubation for 24 hr at 27 C, growth was 
washed from the surface with sterile distilled water and 
diluted to the desired concentration. Mixed inocula were 
made by combination of suspensions of the desired 
strains. Initial concentrations were estimated immedi- 
ately following inoculation of the suspending medium 
by appropriate dilution, plating with TGY agar, and 
incubation for 2 days at 27 C. 

Preparation of maple sap. Cans of sterile, frozen 
maple sap were thawed as described previously (Nagh- 
ski ef al., 1957) and distributed into the several types of 
containers investigated. Maple sap with specific concen- 
trations of several zine salts was prepared in Erlenmeyer 
flasks and sterilized by autoclaving before inoculation. 

Incubation. Inoculated media were incubated in the 
cold room at 0.5 to 2.5 C unless specified otherwise. 
Length of incubation for each experiment varied and 
is given in the section dealing with results. Concen- 
tration of organisms after various incubation times was 
estimated by plating with TGY agar. 

Containers. Five-gal Pyrex carboys were sterilized in 
the autoclave. Galvanized, 10-gal garbage cans were 
sanitized by washing for 2 hr with flowing steam. Clean- 
ing of used galvanized containers (which had acquired 
a protective surface coating) prior to sanitizing will be 
described in the appropriate section of the results. 

Chemicals. All compounds employed were of reagent 
grade and were obtained from commercial sources. 

Analytical methods. Zine was determined _polaro- 
graphically. 

RESULTS 

The effect of the type of container surface on the 
growth of a mixed population in maple sap held at 0.5 
to 2.5 C was studied with an inoculum composed oi 
Flavobacterium-583, Bacterium-d8i, 
Achromobacter-385, and Cryptococcus albidus-496 and 
is shown in figure 1. The progressive decline in viable 
count of microorganisms incubated in the new gal- 
vanized cans contrasts sharply with the normal growth 


Pseudomonas-25, 


curves observed for this population incubated in a glass 
in used galvanized 


container or vans. The alkali- 
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washed, used container was cleaned with a 35 per cent 
olution of NaOH and rinsed thoroughly with distilled 
water before sanitizing. It is apparent that washing 
with strong alkali did not alter the protective surface 
film sufficiently to permit solution of the germicidal 
factor. 

Figure 2 demonstrates that the character as well as 
the cleanliness of the metal surface determines the effect 
of the container on the inoculum. Sap was inoculated 
with a mixture of Pseudomonas-11 and Flavobacterium- 
583; distributed in a glass carboy, a used metal con- 
tainer, & new galvanized container, and an acid-washed, 
used galvanized container; and incubated at 0.5 to 2.5 C 
for 8 days. Periodically during incubation, counts were 
made and soluble zine estimated in the saps. The acid- 
washed container was cleaned with a 6 per cent solution 
of sulfamic acid and rinsed thoroughly with distilled 
water before sanitizing with steam. 

Typical growth curves were noted in the glass con- 
tainer and in the used, untreated galvanized can, whereas 
a gradual decrease in the initial bacterial count in the 
acid-treated can was observed. Effective removal of the 
protective film had restored the can surface to its origi- 
nal state as a supplier of the active substance. The 
bacterial count of the sap incubated in the new con- 
tainer revealed inhibition on the second day of incu- 
bation followed by a gradual decrease in number as 
incubation continued. The new can used in this experi- 
ment had a smooth surface and did not have the rough 
zine crystal formation characteristic of the cans used in 
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Figure 1. The growth of a mixed inoculum in maple sap held 
at 0.5 to 2.5 C in different containers. 


the first experiment (figure 1). Table 1 and figure 2 
demonstrate that changes in bacterial counts can be 
linked to the presence of zine ions dissolved from the 
container surfaces. It can be seen that inhibition of 
growth was exerted on the inoculum in the acid-washed 
‘van through the second day of inhibition when the 
concentration of dissolved zine was about 11 ppm (table 
1). As the dissolved zine increased, the toxic effect of 
zinc became apparent from the decrease in bacterial 
count. In the new container, growth progressed normally 
for 2 to 3 days in the presence of about 6 ppm dis- 
solved zine. As the zine concentration increased to a 
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Figure 2. The growth of a mixed inoculum in maple sap held 
at 0.5 to 2.5 C in different containers. 


TABLE | 
Zinc dissolved from various containers during fermentation of 
inoculated maple sap held at 0.5 to 2.5 C 
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maximum of 10 to 11 ppm, the slight bactericidal effect 
was observed. 

The toxic effect of several zinc salts (acetate, chlo- 
ride, nitrate, and sulfate) on Pseudomonas-25 in maple 
sap incubated at room temperature was investigated. 
The pH of the sap after supplementation was 6.50 + 
0.20 and did not affect growth of this organism. The 
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Figure 3. The effect of various zine salts on the growth of 
Pseudomonas-25 in maple sap held for 24 hr at room tempera- 
ture. 
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Figure 4. The effect of various zine salts on the growth of 


Pseudomonas-25 in maple sap held for 24 hr at 0.5 to 2.5 C. 
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numbers of survivors in the presence of various concen. J time ( 
trations of zine salts were estimated after incu)atioy dling f 
for 24, 48, and 72 hr. The results after incubation for 24 J) after i 
hr are shown in figure 3. Counts made after 48 and 72 § thissa 
hr of incubation gave survival pictures similar to those 9 yield | 
at 24 hr, but with fewer survivors. In general, it can be J manne 
said that all zine salts tested exerted similar toxic effects. sirup. 

Since Pseudomonas-25 is capable of growth under Fro 
psychrophilic conditions, and since maple sap flows and J gen t 
is held at near-freezing temperatures, the effect of zine J multi 
salts was studied after 1 and 7 days of incubation at J With 
0.5 to 2.5 C. The results of these experiments are shown § ean e 
in figures 4 and 5. expost 

A gradual decrease in bacterial count was noted after to the 
1 day of exposure to zine salts in maple sap (figure 4), The 





The extent of this decrease was more pronounced after 
7 days. The spread of the curves seen in figure 5 sug- 
gests that the anions may also influence the germicidal 
effect of zine against Pseudomonas-25. 
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method of a spile and bucket provides suitable con- 
































































ditions for the introduction of spoilage organisms. Since Wi 
a high level of microbial activity results in production J map| 
of sirup of lower quality, it is desirable either to prevent § jn or 
the entrance of microorganisms into maple sap or to & zine 
control their activity. 
Several years ago one maple processor employed new, 
large, galvanized cans to avoid the necessity of frequently We 
emptying the smaller collection buckets. The sap, § form 
therefore, was held unprocessed for a longer period of § tech 
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Figure 5. The effect of various zine salts on the growth of 
Pseudomonas-25 in maple sap held for 7 days at 0.5 to 2.5 C. 
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An abundance of hydrocarbon oxidizing microbes is 
found, not unexpectedly, in areas where extraordinary 
quantities of hydrocarbons exist in the biosphere. In 
particular, bacteria of the genus Mycobacterium develop 
in areas of oil and gas production and in areas of petro- 
liferous gas seeps. One of these species, Mycobacterium 
paraffinicum n. sp., shows a high degree of specificity 
for petroleum hydrocarbons, as reported by Davis 
et al. (1956). 

Methods for demonstrating hydrocarbon oxidizing 
microbes in the soil strongly influence observed results. 
This paper describes some of the experimental field 
work performed by the Field Research Laboratory of 
the Magnolia Petroleum Company. Widely separated 
areas and a variety of soils were studied. Ethane and 
methane were employed for cultivating the hydrocarbon 
oxidizers in the laboratory. The objectives of this study 
were threefold: (a) to test various methods for de- 
tecting hydrocarbon oxidizing microbes in the soil; 
(b) to determine the relative abundance of ethane 
oxidizers that exist in areas of petroliferous gas ema- 
nation, particularly with respect to the magnitude of 
areal contrasts; and (¢) to observe the effect of seasonal 
soil moisture on the hydrocarbon oxidizing microflora. 


MATERIALS AND METHODS 


Three general methods were developed for detecting 
ethane or methane oxidizing microbes in soil: (a) mano- 
metric measurement of gas uptake, (b) colony develop- 
ment on mineral-salts agar plates sprinkled with soil, 
and (c) radioassay, including radioautography. The gas 
uptake and soil plating methods used in the isolation 
and study of M. paraffinicum n. sp. have been described 
previously (Davis et al., 1956). Radioassay for hydro- 
‘varbon oxidizing microbes is described in the patent 
literature by Davis (1957). 

Sampling areas. Areas overlying oil pools were se- 
lected for determining the effect of gaseous hydrocarbon 
emanation on the soil microbial flora. Sometimes the 
entire oil field, delineated by productive oil or gas wells, 
was surveyed. Adjacent areas, of at least the same 
magnitude and presumably beyond the limits of the 
production, were surveyed as controls. 

Collection of soil samples. Soil samples were taken at 
various depths ranging from a minimum of 6 in. to a 
maximum of 6 ft. Soil was often collected in the form of 
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composite samples. Mechanical drills were used for some 
of the sampling, but hand augers were often employed 
due to the inaccessibility of some areas to motor yebj- 
cles. 

The samples were transported in glass screw-cap 
jars to the laboratory where they were processed, and 
analyzed, usually within 1 week from the time they were 
collected. 

Processing of soil samples. Sample processing was 
dependent. upon the particular assay employed. The 
samples varied with respect to type and moisture con- 
tent, as influenced by season, sample depth, and |o- 
ality. To describe the processing of soil samples ade- 
quately, each of the three methods of analysis for 
hydrocarbon oxidizing microbes will be considered sepa- 
rately. 

Manometric method. The soil samples received in the 
laboratory for analysis by the manometric “gas uptake” 
method were handled as little as possible. After super- 
ficially mixing the sample with a spatula, 10-g aliquots 
were weighed on fresh glassine weighing papers and 
added to 2-0z bottles. Ten ml of a mineral-salts medium 
of the following composition were added to the bottles: 
KH2PO,, 0.20 g; NasHPO,, 0.30 g; (NH,4)SO,, 1.0 g; 
MegS0,-7H:0,0.2 g; CaCl, 0.01 g; FeSO4-7H20, 0.005 ¢: 
per L of water. Despite the type of soil, this volume o/ 
mineral-salts medium resulted in a supernatant liquid. 
Capillary glass-tubing manometers were attached to 
the bottles and 40 per cent ethane or methane in air was 
added as described earlier (Davis et al., 1956). Mercury 
was used as the manometer fluid. A control system for 
ach sample was prepared identically except that the 
hydrocarbon gas was deleted. Oxidation of soil organic 
matter invariably occurred and the gas uptake values 
for the control systems were subtracted from the hydro- 
carbon gas system values. This was for the purpose 0! 
arriving at a more valid measurement of hydrocarbon 
oxidation by the microflora. The manometri¢ 
systems were incubated at 30 C for 30 days; manometer 
readings were taken at 5-day intervals. 

Manual processing of the soil samples, other that 
for the purpose of superficially mixing composite 
samples, was not advantageous, and, in fact, had some 
disadvantages. Reproducibility of results with aliquots 
of a soil sample ordinarily decreased with the number 
of hydrocarbon oxidizers present in the soil. Howevel, 
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lack of reproducibility, originally attributed to an 
uneven distribution of ethane or methane oxidizers in 
the sumples, was not improved by homogenizing the 
wil samples. Homogenization was performed by (a) 
prolonged manual processing and mixing with a spatula; 
(b) drying the soil, followed by grinding in a mortar; 
and (¢) stirring aqueous suspensions of the soil in a 
Waring Blendor. The latter two procedures were detri- 
mental. A more even distribution of the microcolonies 
of certain ethane oxidizers such as M. paraffinicum 
was achieved, but an apparent disintegration or dis- 
persal of streptomycete microcolonies resulted. These 
microbes would then ordinarily overgrow the other 
hydrocarbon oxidizers in our manometric “enrichment 
cultures.” Experimental work to be discussed later 
showed these streptomycetes to be adaptive ethane 
oxidizers with no apparent special relation to oil fields. 

The preferred method of treating soil to be assayed 
forethane and methane oxidizing microbes has involved 
a minimum of handling, and analysis as soon after 
collection as possible. 

Sprinkled soil plating method. With respect to homog- 
enization, What has been described above also applies 
to the sprinkled soil method. However, it is mandatory 
to dry the soil samples sufficiently to process small 
aliquots for weighing and sprinkling as evenly as possi- 
ble on the surface of a mineral-salts washed-agar plate. 
The amount of agar used in this medium was 2 per cent. 
The plates are rotated on a Spray-Fisher turntable,! 
and a 0.1-g aliquot of the dried soil on a glassine 
weighing paper is slowly applied from the edge of the 
rotating plate to its center. With practice, excellent 
distribution of the 0.1-g soil samples can be obtained on 
the agar surface. 

The ‘‘soil plates” are incubated at 30 C under 40 per 
cent ethane in air in large desicecators. The microbial 
colonies which develop are counted at 20 or at 30 days 
using reflected light. 

Radioassay. Radioethane was employed in assays 


which measured radiocarbon dioxide evolution by 


ethane oxidizers and in the radioautographic measure- 
ment of radioactive colony formation. For the first 
method, usually 15 pint of soil in a standard fruit jar 
was assayed. The metal screw-cap of the jar was fitted 
with a Hoke valve (figure 1)? and the system evacuated 
and filled with the radioactive hydrocarbon gas mix- 
ture. After incubation for 24 hr, the carbon dioxide in 
the systems was evacuated and absorbed in alkali, 
followed by precipitation with BaCl, as BaCO; which 
was measured for radioactivity. 

The soil samples, if friable, were not treated. If too 
dry or too wet to be friable, they were either moistened 
with sterile distilled water or air-dried to the state of 
liability. Radioethane (0.5 we per ml) was used at a 
concentration of 1 per cent in air. 

' Manufactured by Fisher Scientific Co., St. Louis, Missouri. 

* Manufactured by Hoke, Inc., Englewood, New Jersey. 


Radioactive colony measurement involved spreading 
soil dilutions on the surface of an agar plate medium 
which incorporated 0.01 per cent soil extract solids 
prepared from soil taken in the particular sampling 
area. One kg of soil in 1 L of water was autoclaved for 
1 hr. The filtrate was concentrated by evaporation and 
aliquots measured for total solids. 

The plates were selected after incubation for 30 days 
with the 1 per cent radioethane in air on the basis of 
the appropriate dilution series for the soil samples, and 
were assayed for radioactive colonies by the following 
described radioautographic method. The agar pads were 
removed from the Petri plates and thoroughly dried. 
They were then placed next to Eastman No-Screen 
x-ray film* and incubated for 1 week. Development. of 
the film showed the result of (Cy,) beta-particle bom- 
bardment by the particular colonies which had in- 
corporated the radiohydrocarbon (figure 2). If desired, 
the ratio of radioactive colonies to total colonies could 
be determined by counting the number of total colonies 
on the soil extract plate before the drying process. 

It was found that the agar pads could be dried and 
preserved best, without cracking or wrinkling, by ap- 
plying the wet pad to used x-ray film, and allowing the 
pad to air-dry. This preparation was then laid next to 
unexposed film in the dark room, and the two were 


3 Manufactured by Eastman Kodak Company, Rochester, 
New York. 


Figure 1. One-half pint jar of soil. System is evacuated and 
filled with radiohydrocarbon gas and air mixture. After incuba- 
tion for 24 hr at 30 C, gas is evacuated through alkali; 
radiocarbon dioxide is absorbed and later precipitated as 
BaCO; which is measured for radioactivity. 
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lightly pressed together for close contact during the 
exposure period. 

Radioactivity counting equipment. The BaCO; samples, 
processed by filtering the alkaline slurries on thick 
filter paper discs and drying with acetone, were analyzed 
for radioactivity using a scaling unit model 161A.4 The 
scaler was connected to the model 110-A automatic 
sample changer! equipped with a thin end window 
Geiger-Mueller tube and to the model C-111 Clary 
time interval printer.® The latter records the time re- 
quired to measure a pre-set number of counts. 

The amount of radioactivity ordinarily employed was 
a maximum recoverable 30,000 counts per minute 
(epm). This potential recoverable count was based on 
complete (hot-wire) combustion of known quantities of 
the radioethane employed, with recovery and standard- 
ized measurement of the resultant radiocarbon dioxide 
as BaCO;. The amount of recoverable radioactivity 
following microbial activity in the soil samples was 
never maximum because of some microbial assimilation 
of the radiocarbon plus some absorption of the radio- 
sarbon dioxide by the soil. However, 50 to 75 per cent 

4Manufactured by Nuclear Instrument and Chemical 
Corp., Chicago, Illinois. 

5 Purchased from Nuclear Instrument and Chemical Corp., 
Chicago, Illinois. 





Figure 2. Radioautography, showing print of developed 
x-ray film, previously exposed to colonies of soil microbes 
cultivated under radioethane on a mineral salts-soil extract 
agar plate. Soil sample was diluted 1:10,000. The 30 white spots 
are the developed film impressions of beta-particle emissions 
from Cy, radioactive colonies. These represented 15 per cent 
of the total colonies cultivated on the agar plate, or 30 of the 
203 colonies observed. 
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of the potential activity was recovered from microbially 
“active”’ soils. 


RESULTS 


Comparative Gas Uptake Surveys with Ethane and 
Methane 


Survey 1. Thirty-five soil samples were collected at 
fairly evenly spaced intervals over an oil field in south 
Texas. None of the samples were taken near an es- 
tablished oil or gas well, or near drilling operations, 
that is, within less than 1000 feet. A total of 50 samples 
were taken in two areas 1.5 to 2 miles away from the 
producing area. In this particular survey, the soil 
samples consisted of composites of soil collected from 
a depth of 5 ft to within 6 in. of the surface. These were 
obtained with a bore-hole, sidewall sampler shown in 
figure 3. The soil samples, which consisted of about 100 ¢ 
ach, were mixed individually with a spatula prior to 
taking 10-g aliquots for analysis. Three series were 
included in the analyses: a control, a methane, and an 
ethane series. The hydrocarbons (methane, Pure Grade; 
ethane, Research Grade)*® were used at a 40 per cent 
concentration in air. Incubation at 30 C was continued 
for a total of 30 days. Manometer measurements of gas 

®° Purchased from Phillips Petroleum Company, Bauartles 
ville, Oklahoma. 








Figure 3. Bore-hole, side wall, soil sampler, for taking com- 


posite samples. Observe 14 in. wide slivers of soil in jar, cul 
from a 5 ft length of sample hole by blade of sampler. 
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uptake, corrected for control readings, are plotted as the 
number of days required to register at least 25 mm of 
mercury drop in pressure in the manometric systems. 
No areal contrast was detected in the case of methane 
oxidation (figure 4). In the case of ethane oxidation an 
areal contrast was evident (figure 5). 

Microbial growth observed in the “positive” systems, 
usually in the form of a pellicle at the surface of the 
supernatant culture medium, was subcultured by 
streaking a small amount on mineral-salts agar plates. 
These plates were incubated at 30 C under 40 per cent 
hydrocarbon gas in air. Early observation of growth, 
as evidenced by pellicular development on the super- 
natant medium in the manometric systems, coincided 
roughly with a corrected gas uptake of about 25 mm of 
mercury. 

No attempt will be made to describe in detail the 
results of subculturing, except to point out that, in 
general, large gray-white colonies of bacteria were 
observed on the methane plates; whereas yellow-soft 
and yellow-waxy colonies were often observed on the 
ethane plates, particularly those streaked with inoculum 
from manometric systems that were positive within 
10 to 20 days. The methane oxidizing bacteria were 
usually motile rods, about 1.5 by 3 yu. No identification 
of these bacteria was made. The most prevalent ethane 
oxidizing bacterial colonies were mycobacteria, de- 
scribed previously by Davis et al. (1956). 

Survey 2. A similar comparative survey was made of 
an oil field in south-central Texas. The same number of 
soil samples was taken and in the same manner. The 
results of this survey are plotted in figures 6 and 7. 
Fewer positive samples were observed in survey 2 as 
compared with survey 1. Otherwise the results of the 
second survey were similar, that is, there was no ap- 
parent special relationship of methane oxidizers to the 
oil producing area, but an areal contrast of ethane 
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Figure 4. Survey 1, with measurement of methane oxidation. 
Note lack of areal contrast between oil field and control areas. 
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oxidizers was detected. Again, the most prevalent 
ethane oxidizing bacteria in the positive samples were 
mycobacteria. 

The results of other comparative surveys are included 
in table 1. Methane or ethane oxidation is indicated 
simply as the per cent of soil samples which gave posi- 
tive results by the gas uptake method within a period 
of 15 or 30 days, respectively. Surveys 3a and 3b were 
of the same oil field at different seasons of the year. 

Comparative Surveys of the Gas Uptake and Soil 
Plating Methods with Ethane 

Survey 5. Survey 1, above, was repeated 2 years later. 

Individual samples were taken within 50 to 100 feet of 
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Figure &. Survey 1, with measurement of ethane oxidation. 
Note areal contrast between oil field and control areas. 
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Figure 6. Survey 2, with measurement of methane oxidation. 
No contrast was observed between oil field and control areas. 
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the original sampling points. This time, however, the 
soil samples were analyzed by the gas uptake method 
and the soil plating method with ethane only. Figure 8 
shows that the largest populations of ethane oxidizers 
are found over the oil field. Only the number of yellow 
(mycobacterial) colonies observed on the plates are 
plotted. Figure 9 shows a sprinkled soil plate with colony 
formation as an example. 

Survey 6. This survey consisted of sampling a portion 
of the larger area sampled in survey 4 (table 1). The 
portion included a sector of the oil field and an adjacent 
area beyond the limits of known oil production. A very 
strong areal contrast in the abundance of ethane oxi- 
dizers was detected. The results of this survey are shown 
in figure 10. Results of other surveys are included in 
table 2 which shows a comparison of the plating and 
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Figure 7. Survey 2, with measurement of ethane oxidation. 
Although fewer positive samples are observed than in survey 1, 
all are over the oil field. 


TABLE 1 


Summary of comparative gas uptake surveys with ethane and 


methane 
r . , Methane Ethane 
No. of Samples Oxidation Oxidation 
Survey a. : . 

Over* | Offf | Over | Of | Over | Of 
1 35 50 83 86 74 31 
2 35 50 43 40 31 0 
3a (Spring) 54 71 91 66 93 39 
3b (Summer) 57 64 35 25 23 3 
4 110 167 49 34 75 28 


* Over oil field. 
+ Off oil field. 


manometric methods for 13 surveys of oil fields |: cated 
in Texas, Oklahoma, and Louisiana. Because of the 
large number of individual samples involved, the data 
are shown in terms of (a) the percentage of s:mples 
showing yellow mycobacterial colonies on the soil plates, 
and (b) the percentage of samples that showed at least 
a corrected 25 mm of mercury decrease in pressiire jn 
the gas uptake systems in 30 days. In surveys 7 snd 8, 
the soil samples were taken at a depth of 3 ft rather 
than as composite samples. In surveys 9 to 17 the 
samples were taken at a depth of 1 ft. 
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Figure 8. Survey 5, with ethane. Both gas uptake data and 
number of mycobacterial colonies are plotted. 





Figure 9. Surface of mineral-salts agar plate sprinkled with 
0.1 g of dried soil from oil field. Plate incubated in desiccator 
under 40 per cent ethane in air for 30 days at 30 C. The large, 
wrinkled colonies are of yellow pigmented mycobacteria. 
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(orrelation between Ethane Concentrations and Ethane 
Oxidizing Bacteria in Soil 


Survey 18. A gas seep area in east Texas (previously 
studied by Davis, 1952), which is not directly related 
to oil or gas production, was included in the study. 
Soil gas samples were taken at each sampling point at a 
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Figure 10. Survey 6, with ethane. Note very marked contrast 
that exists between oil field and control area. 


TABLE 2 
Summary of comparative results obtained with the plating and 
manometric methods of analyzing the soil for ethane oxidizing 
bacteria 


Soil Plates Showing 
Yellow Bacterial 
Colonies 


Manometric Systems 


To. of St 2s metri 
No. of Sample Showing Gas Uptake 


Survey 

Over* Off? Over Off Over Off 
5 35 50 13 16 49 6 
6 25 24 8S 4 92 12 
7 229 170 37 4 34 t 
S 174 171 27 5 61 14 
9 | 30 30 87 10 83 10 
10 30 30 23 13 30 6 
1] 30 30 57 0 57 0 
12 30 30 10 0 37 17 
3 30 30 17 13 57 6 
l4 30 30 20 3 60 24 
15 30 30 43 0 63 40 
16 30 30 77 6 40 2 
17 30 30 27 10 27 13 
Avg. 45 6 52 12 

Ratio (over:off) 7.5 4.3 


* Over oil field, average number of samples: 15 per sq mi. 


t Off or beyond the limits of oil production, average number 
samples: 13 per sq mi. 





depth of 7 ft and composite soil samples were obtained 
between the depths of 6 in. and 4 ft. Mass spectrometer 
analyses of the soil gas samples for ethane were made 
by R. M. Squires of this laboratory, and the soil samples 
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Figure 11. Survey 18, of a gas seep area showing correlation 
between ethane soil gas measurements and ethane oxidizing 
mycobacteria. 
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Figure 12. Survey 19. The CPM, radioactive colony and my- 
cobacterial colony methods, respectively, show 45, 52, and 25 
per cent positive samples over the field. Off the field the values 
are, respectively, 13, 28, and 0 per cent. 
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were assayed using the soil plating method. An areal 
correlation was observed between ethane gas and ethane 
oxidizers in the soil. Results of this survey are shown in 
figure 11. 


Radioassay of Soil Compared with M ycobacteria Detected 

Survey 19. Survey 6 was repeated but this time the 
soil samples were collected at a depth of 6 ft, instead of 
sidewall composite samples. Sixty samples were taken 
over the area of oil production and 60 samples taken off 
the known limits of the oil field. These were placed 
immediately as collected in the 14 pint systems (figure 
1) used in their subsequent analysis. Prior to gassing 
these systems in the laboratory, about | g of soil was 
removed from each for radioautographic assay and 
sprinkled soil plate counts. The sprinkled soil plates 
showed the strongest areal contrast in ethane oxi- 
dizers. The results are shown in figure 12, which includes 
the percentages of ‘‘positive’”’ samples as determined 
by the methods employed. 


Effect of Season on Radioassay Values, Soil Moisture, 
and Detected Mycobacterial Colonies 


Soil samples were collected bimonthly for 1 year at 
depths of 1 ft and 3 ft in three areas. Figure 13 shows a 
diagram of the sampling pattern employed in each area. 
The sampling areas were over two separate oil fields 
and one nonproducing area. Soil samples were analyzed 
similarly as the survey 19 samples, except that radio- 
autography was deleted. In addition, soil moisture, per 
cent by weight, was measured. This involved weighing 
the samples before and after drying at 100 C for 3 hr. 
Figure 14 presents the radioassay values, the per cent 
moisture values, and the number of yellow mycobac- 
terial colonies detected. These data show that soil 
moisture is correlated with the ethane oxidative ac- 
tivity of the soil. However, no correlation was observed 
between ethane oxidizing mycobacteria and ethane 
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Figure 13. Sampling pattern used for seasonal study. Soil 
samples were taken at depths of 1 and 3 ft. 
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oxidative activity of the soil. The probable reason for 
this latter observation is discussed later. 


Discussion 

Ethane- versus methane-enrichment gas uptake sijstems, 
The gas uptake systems employed involved san ep- 
richment or elective culture technique which is ad- 
mittedly crude. Despite this, significant areal contrasts 
in the abundance of ethane oxidizing microorganisms 
were detected over oil producing areas. In contrast, 
insignificant areal contrasts in the abundance of meth- 
ane oxidizers were observed (table 1). It should not be 
inferred, however, that no areal contrasts in methane 
oxidizing microbes exist in these areas. In fact, 
Strawinski (1954) described a method of oil prospecting 
using methane. Also, work in the U. S. 8. R. with 
methane oxidizers was discussed by Davis: and 
Updegraff (1954). The comparative results with meth- 
ane and ethane simply show that, with the method 
employed, significant areal contrasts of ethane oxidizers 
in soil are more readily observed. The following expla- 
nation is given for these results. 

Methane, the principle component of natural (pe- 
troleum) gas, is produced in the biosphere, sometimes 
in large amounts as in marsh gas; and methane oxidation 
by soil bacteria is readily demonstrated. This is in- 
terpreted to mean that biomethane is widely prevalent 
in soils. Despite the presumed greater amount. of 
methane (that is, petromethane plus biomethane) over 
an oil field, the measurement of methane oxidation by 
the gas uptake method does not clearly reveal it because 
of quantitative limitations. Only a limited study of 
methane oxidizing bacteria has been made at this labo- 
ratory, principally for the aforementioned reason. 
Dworkin and Foster (1956) and Leadbetter and Foster 
(1958) have made fairly comprehensive academic 
studies of methane oxidizing bacteria. Dworkin and 
Foster (1958) also recently described their investi- 
gations with ethane oxidizing microbes, principally 
mycobacteria, isolated from sources other than oil 
field soils. 

Ethane, a prominent component of natural gas, is 
not produced biologically in amounts relatively compa- 
rable in order of magnitude with methane (Davis and 
Squires, 1954). The ratio of methane to ethane in 
natural gas, despite some variation, is in the order of 
17:1, methane, 85 mol per cent; ethane, 5 mol per cent. 
In contrast, the ratio of methane to ethane in marsh 
zas is very high, in the order of 100,000:1 (R. M. 
Squires, Personal Communication). It is assumed, there- 
fore, that a greater differential in ethane concentrations 
exists between oil field soils and adjacent area soils than 
is the case with methane. To support this, using an 
indirect biological index, the data of surveys 1 to 4 show 
that ethane oxidizing microorganisms are distinctly 
more prevalent over oil fields (table 1). 
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—— COLONIES OF ETHANE OXIDIZERS 
sennee COUNTS PER MINUTE (CPM) 


—-— SOIL MOISTURE 


Figure 14. Measurements of ethane oxidative activity of the soil and mycobacterial colonies at 1 and 3 ft, sampled at intervals 
over the period of a year. Note correlation between ethane oxidative activity (CPM) and moisture content of the soil. 
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Comparison of the data of survey 1 depicted in figure 
5 with the per cent ‘‘positive” sample data of survey 1 
given in table 1 shows the limitations of this tabulation 
in indicating the strong contrast that existed. However, 
data are given in table 1 in terms of per cent ‘“‘positive’’ 
samples to obviate individual sample data for all the 
surveys. 

In soils from oil fields, where M. paraffinicum is 
often found in abundance, gas uptake in the ethane 
enrichment manometer systems within 10 to 15 days is 
significant; or stated conversely, when such gas uptake 
occurs, the likelihood of observing and isolating M. 
parafinicum is high. Other ethane oxidizing microbes 
including nocardiae, stretomycetes, and filamentous 
fungi (Davis et al., 1956) sometimes are prevalent, 
dependent upon the particular soil sample and sampling 
area, but these latter forms have no apparent, 
consistent relationship to oil fields. 

Gas uptake and sprinkled soil plate methods. Experi- 
mentally, it was found that 1 per cent organic matter 
(soil extract solids, 1 part; glucose, 89 parts; yeast 
extract, 10 parts) had no effect on the utilization of | 
per cent ethane by M. paraffinicum; whereas this 
organic material (a) prevented the utilization of ethane 
by a white filamentous fungus, (b) was necessary for 
the utilization of this relatively low concentration of 
ethane by a nocardia species, and (c) was utilized along 
with the ethane by a streptomycete (Davis and Chase, 
Unpublished Observations). Each of the microbes was 
isolated from ethane-enrichment gas uptake systems 
and grown exclusively in mineral-salts medium with 40 
per cent ethane in air for several transfers prior to the 
experiment. The only microbe that showed a specificity 
for ethane was M. paraffinicum. The other microbes, 
which showed a lack of uniformity with respect to 
growth on ethane in the presence of other organic 
matter, are considered adaptive. Their degree of 
adaptivity is open to question, but none were found 
generally in a clearly distinct abundance over oil fields 
by the gas uptake or the soil plating methods. Recently, 
Kuznetsov and Telegina (1957) reported that glucose 
had little, if any, effect on the oxidation of propane by 
resting cells of bacteria, possibly mycobacteria, isolated 
from oil field soil. 

Under ideal conditions, the gas uptake method might 
be expected to yield quantitative data, because (a) the 
large soil sample used should provide a good average of 
the distribution of microbes in the soil, and (b) curves 
of gas uptake reflect the number of bacteria, such as 
M. paraffinicum, present initially in experimental gas 
uptake systems. For example, an initial inoculum of 
10’ bacteria in 10 ml of mineral-salts medium in a 2-0z 
bottle resulted in a 25 mm (Hg) gas uptake in 10 days; 
for 10* bacteria, 23 days; and for 10° bacteria, 32 days 
were required before this amount of gas uptake occurred 
(Chase and Davis, Unpublished Observation). Of 
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course, these data, as would be anticipated, do not 
obtain with mixed soil cultures, and, therefore, g 
standard curve is not employed as the basis for «:1anti- 
tation. 

The number of colonies on the sprinkled soil plates 
certainly provide no accurate means of estimating the 
number of individual microbes originally in the soil 
since it is assumed that the foci for these colonial de- 
velopments are microcolonies composed of an inde- 
terminate number of microbial cells. 

Actually, attempts to quantitate ethane oxidizing 
bacteria, for example, /. paraffintcum and other myco- 
bacteria, are thwarted by variations in soil conditions, 
mixed cultures, and other factors inherent in soil en- 
richment cultures. The approach toward quantitation 
has been simply to determine the relative abundances 
of the bacteria. This is done by determining the time 
at which significant gas uptake occurs in the manometer 
systems, and counting the number of yellow myco- 
bacterial colonies which appear on the sprinkled soil 
plates. Both of these methods are useful in detecting 
microbial areal contrasts when soil samples are being 
compared on an areal basis. 

Ethane and ethane oxidizing microbes in soil. Contrary 
to expectation, the concentration of ethane ordinarily 
detected in the soil over oil fields is very low, in order 
of parts per billion (R. M. Squires, Personal 
Communication). On a sample to sample basis, no 
correlation has been observed by us between ethane 
oxidizing microbes and ethane measurements at this 
level. However, at an area of a petroleum gas seep where 
the concentration of ethane was found in the order of 
parts per million, a correlation was detected (figure 11). 
Even here no strict correlation was observed between 
ethane in the soil gas and the relative abundance of 
ethane oxidizing bacteria. But on an areal basis, com- 
paring the immediate gas seep area and the adjacent 
surrounding area, an unmistakable correlation exists. 

This particular area is not associated with an oil 
field; and since no oil or gas wells are in the immediate 
area, the presence of petroleum gas in the soil cannot 
possibly be attributed to drilling operations. 

Radioassay of ethane oxidation. The radioassays, 
both the radiocarbon dioxide evolution measurements 
and radioautography, are lacking in the specificity 
exhibited by the soil plating method. This is explained 
by the known presence in soil of many microbes which 

‘an oxidize ethane (and incorporate ethane carbon), 
many of which never become visible by the sprinkled 
soil plating method. This becomes apparent by com- 
paring the number of radioactive colonies or “positive” 
samples detected by the radioautographic method with 
those samples showing the yellow mycobacterial colo- 
nies, figure 12. The latter were sometimes observed 
almost exclusively on the sprinkled soil plates in this 
particular survey. 
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It is interesting to recall that the soil samples involved 
were taken at a depth of 6 ft. This naturally decreased 
the number of soil microbes involved. Further, a 
1:10,000 dilution of the soil samples was employed for 
the radioautographic method; whereas 0.1 g of soil was 
used on the sprinkled soil plates. Despite this difference 
in the amount of soil sample involved, the greatest 
number of foci of ethane oxidation were observed on the 
soil extract radioautographic plates; although, ad- 
mittedly, some of these microcolonies observed could 
have incorporated radiocarbon dioxide produced by 
radioethane oxidizers. The sprinkled soil plates, with 
1000 times as much soil, showed to the unaided eye 
only a relatively few ethane oxidizing microbial colo- 
nies, the prevalent ones being those of A/. paraffinicum. 

Seasonal effects. The data shown in figure 14 show the 
independence of ethane oxidizing mycobacteria, culti- 
vated by the sprinkled soil plate method, as contrasted 
with the ethane oxidizing microflora of the soil. The 
ethane oxidizing activity of the soil microflora followed 
closely the moisture content of the soil. The ethane 
oxidizing mycobacteria did not follow the pattern. 

A valid question could be raised at this point. Why 
is the ethane (radioassay) 
apparently not influenced by the ethane oxidizing myco- 


oxidation measurement 
bacteria in the soil? The proposed answer is that: first, 
the population of ethane oxidizing mycobacteria in oil 
field soils is far less than the population of other 
microbes, even when samples are taken at a depth of 
6 ft; secondly, the observance of these mycobacteria is 
dependent upon their cultivation for a period of about 
2 weeks, whereas the radioassay systems were analyzed 
after an incubation period of 24 hr. The radioauto- 
graphic method shows that many soil microorganisms, 
not identified as mycobacteria, utilize ethane; and many 
of these presumably utilize soil organic matter con- 
comitantly, since it is required to assure their colonial 
development on the radioautographic plates. 

Significance of the microbial areal contrasts. It is proba- 
bly safe to say that where hydrocarbon gas emanation 
oceurs, either as natural gas seeps, leaking pipelines, 
or oil and gas wells, a biological response on the part of 
the soil microflora is almost inevitable. The micro- 
bial areal contrasts described in this paper should not 
be construed as necessarily typical of those found over 
oil and gas reservoirs prior to drilling and development 
of oil fields. The testing of several newly productive 
areas has indicated that a prior natural development 
of microbial areal contrasts of the magnitude described 
is relatively infrequent. 
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SUMMARY 


Ethane oxidizing microbes were detected by three 
different methods using soil samples taken from areas 
of petroliferous emanation, principally oil fields. The 
gas uptake method showed strong areal contrasts in the 
abundance of ethane oxidizers, but weak or no areal 
contrasts of methane oxidizers. The reasons for this 
phenomenon are discussed. 

The sprinkled soil plating method showed strong 
areal contrasts in the abundance of ethane oxidizing 
mycobacteria; many of these are classified as Myco- 
bacterium paraffinicum and consequently have a high 
degree of specificity for ethane and higher paraffinic 
hydrocarbons. The soil plating and gas uptake methods 
showed areal contrasts of about equal magnitude. The 
third method employed, radioassay, including measure- 
ments of ethane oxidative activity of the soil microflora 
and radioautography, showed a lower degree of 
specificity for detecting microbial areal contrasts. 


REFERENCES 


1952 Studies on soil samples from ‘‘paraffine 
Bull. Am. Assoc. Petrol. Geologists, 36, 


Davis, J. B. 
dirt’? bed. 
2186-2188. 

Davis, J. B. AND Squires, R. M. 1954 Detection of micro- 
bially produced gaseous hydrocarbons other than methane. 
Science, 119, 381-382. 

Davis, J. B. AND Uppreacrarr, D. M. 1954 Microbiology in 
the petroleum industry. Bacteriol Revs., 18, 215-238. 
Davis, J. B., Coase, H. H., AND RaymMonpn,R.L. 1956 Myco- 
bacterium paraffinicum n. sp., a bacterium isolated from 

soil. Appl. Microbiol., 4, 310-315. 

Davis, J. B. 1957 Geomicrobial prospecting method for 
petroleum. U. S. Patent 2,777,799. Assigned to Socony 
Mobil Oil Company, Ine. 

Dworkin, M. anp Foster, J. W. 1956 Studies on Pseudo- 
monas methanica (Séhngen) nov. comb. J. Bacteriol., 
72, 646-659. 

Dworkin, M. anv Foster, J. W. 1958 Experiments with 
some microorganisms which utilize ethane and hydrogen. 
J. Bacteriol., 75, 592-603. 

Kuznetsov, 8. 1. anp TeELEGINA, Z. P. 1957 Data on physi- 
ology of propane oxidizing bacteria. Mikrobiologiya, 
26, 509-513. English translation of journal, The American 
Institute of Biological Sciences. 

LEADBETTER, E. R. anv Foster, J. W. 1958 Studies on 
some methane-utilizing bacteria. Arch. Mikrobiol., 30, 
91-118. 

STRAWINSKI, R. J. 1954 Prospecting. U.S. Patent 2,665,237. 
Assigned to the Texaco Development Corporation. 


Search for Substances Which Reduce the Heat Resistance 
of Bacterial Spores’ 


H. D. Micuener, P. A. THompson, Anp J. C. Lewis 


Western Regional Research Laboratory,? Albany, California 


Received for publication October 27, 1958 


The possibility of reducing the severity of heat 
processes for canned foods by chemical additives has 
become encouraging in recent years. Preliminary trials 
of 67 antibiotics (Lewis et al., 1954; O’Brian et al., 1956) 
disclosed only nisin to be approximately as effective as 
subtilin (Andersen and Michener, 1950; Michener, 1955) 
in reducing the heat resistance of spores of the Clos- 
tridium sp. strain PA 3679. The present paper reports 
on approximately 120 additional antibiotics and 450 
other substances. These have been selected without 
special regard for their use in foods. Much additional 
work is necessary, particularly to demonstrate lack of 
toxicity, for any chemical possessing the essential action 
against spores of food spoilage bacteria. 

This paper discusses the test method and results and 
lists the active substances. Complete data on about 650 
substances which were tested are presented by Michener 
et al. (1959). 

A method was designed for rapid screening. Each 
test is a comparison of the number of spores surviving 
a particular heat treatment in the presence and in the 
absence of the substance under test. The results are 
expressed as the percentage reduction caused by the 
substance in the D value of the spores. The D value is 
the time required (under particular conditions of 
temperature, medium, and lot of spores) to kill 90 per 
cent of the spores. If the probability of survival follows 
a negative exponential relationship to time (“‘loga- 
rithmic order of death’’), as it commonly does at least 
approximately, the plot of the logarithm of the number 
of survivors against time is a straight line, and the D 
value is independent of the initial number of spores. 


MATERIALS AND METHODS 


Thermal death time (TDT) tubes (9 by 120 mm) 
were filled with 2 ml of broth containing the substance 
to be tested, and inoculated with 6 X 10° spores of the 
Clostridium strain PA 3679. The broth was Andersen’s 


1 Presented in part before the symposium on Food Preserva- 
tion, Society for Industrial Microbiology, American Institute 
of Biological Sciences, Stanford University, August 29, 1957, 
and in part before the 57th General Meeting of the Society of 
American Bacteriologists, Detroit, Michigan, April 28 to May 
2, 1957. 

2A laboratory of the Western Utilization Research and 
Development Division, Agricultural Research Service, United 
States Department of Agriculture. 


(1951) pork-pea medium, without thioglycolate, with 
0.1 per cent instead of 1.5 per cent agar, and adjusted 
to pH 7.0. Each run usually contained 12 test substances 
in duplicate and 3 pairs of controls. After they were 
sealed, the tubes were heated in an oil bath at 113 C for 
14 min, which permitted survival of about 5 per cent 
of the spores in the controls. The tubes were ‘then 
cooled, opened, diluted, and plated to count the sur- 
viving spores, using Andersen’s (1951) anaerobic plating 
technique. 

From the average number of surviving spores in the 
controls (B, figure 1) and in the tubes containing each 
additive (for example, B’ and B”, figure 1), the re- 
duction in D value was determined graphically for each 
additive. Additives which cause even a moderate re- 
duction in D value result in a very large reduction in 
the viable spore count. Thus they can be selected for 
further study without precise counting or extensive 
replication. 

Most of the substances which gave a significant 
reduction in D value were tested again in the same way 
but with a 10-min heat treatment. This permitted 


D value for control is 
10 utes 





Percentage of Spores Surviving 








Heating Time in Minutes at 113 °C. 


Figure 1. Hypothetical survivor curves for untreated spores 
and for treatments reducing the D value by 25, 50, and 75 per 
cent. It is assumed that the thermal death of spores is loge 
rithmic. 
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survival of 10 to 25 per cent of the spores in the control 
tubes and thus gave higher counts than the 14-min heat 
treatments (A, A’, and A”, figure 1), and a more 
accurate estimate of the reduction in D value when it 
was in the range of 50 to 90 per cent. In this test each 
substance was run at three or more concentrations. 

The medium in the TDT tubes, together with the 
substance being tested, was diluted at least 1:1000 
when plated. Counts were not attempted at lower 
dilutions than this. At the 1:1000 dilution, the concen- 
tration of additive was usually too low to affect spore 
outgrowth. Substances which gave large reductions in 
D value were given separate tests at 0.001 times their 
test concentration, together with spores which had 
been heated in the absence of any additive. As discussed 
below, only a few of the substances affected spore 
outgrowth under these conditions. 

Substances were dissolved or dispersed in water or 
0.025 m phosphate buffer at 10 times the concentration 
to be tested, and then were adjusted to approximately 
pH 7. A considerable number would not dissolve at this 
concentration. It was often possible to prepare uniform 
emulsions or suspensions by adding 0.1 per cent Tween 
20 (polyoxyethylene sorbitan monolaurate, inactive 
by itself). In a few cases the test substance was first 
dissolved in a small amount of propylene glycol or ethyl 
alcohol, which was then diluted with water or a solution 
of 0.1 per cent Tween 20. Organic solvents were used 
only at a final concentration known to be inactive in 
the test. Some substances were dissolved or dispersed 
with the aid of heating at 85 C for a few minutes. 

Some of the substances tested were not completely 
in solution even after the stocks were diluted 10-fold 
with broth. The activity recorded in such cases may 
have been only that of a saturated solution. However, 
the activity of certain antibiotics having a low solubility 
in water has been shown to increase as their concen- 
trations are increased beyond that of saturated solutions 
(Michener e¢ al., 1948). 

The spores were grown by L. E. Sacks of this labo- 
ratory on a medium containing the following, per L: 
pork infusion, 400 ml; pea infusion, 100 ml; Difco beef 
extract,’ 10 g; Difeo egg albumin, coagulated, water- 
soluble portion of 10 g; N-Z-Amine, 10 g; Difco proteose- 
peptone no. 3, 10 g; Difco yeast extract, 4 g; Difco 
tryptone, 4 g; soluble starch, 1 g; sodium thioglycolate, 
0.1 g; KHPO,, 3 g. The pH was adjusted to 7.2. Pea 
and pork infusions were prepared as described by 
Andersen (1951). This medium was inoculated with an 
18-hr culture of PA 3679 and incubated at 25 C for 15 
days. The resulting spore suspension, containing about 
3 X 107 spores per ml of culture liquor, was stored at 
2C. Recently, Zoha and Sadoff (1958) have reported 
a simpler liquid medium suitable for production of 
spores of this organism. 

’ Atlas Powder Company, Wilmington, Delaware. 

4])ifeo Laboratories, Inc., Detroit, Michigan. 


Purified antibiotics were usually tested at 60 ppm. 
Chemicals known to have antibacterial activity were 
tested initially at 60 or 500 ppm. A few plant extracts 
and chemicals derived from food plants and a large 
number of chemicals chosen at random were tested at 
500 ppm. Chemicals known to be mutagenic for higher 
organisms were tested at 500 or 1000 ppm. 

Many of these substances were tested initially by < 
thermal death time tube method similar to that de- 
scribed here except that the tubes were not opened for 
counting but were incubated for several weeks and 
observed for growth. This method was abandoned 
because it was not sufficiently selective, but substances 
which were inactive by this method were usually pre- 
sumed to be inactive by the counting method. Of the 
antibiotics, about 90 were tested against PA 3679 
spores in pea puree by a thermoresistometer method. 
(Most of these were reported by Lewis et al., 1954.) 
Those that had reduced the D value by 8 per cent or 
more were retested by the method described here; the 
remainder were considered inactive. In general, the 
two methods gave similar results. 


RESULTS AND DISCUSSION 


Substances which reduced the D value of PA 3679 
spores by 20 per cent or more are listed in table 1. 
Smaller reductions in D value were not considered 
significant. Figure 2 shows the effect of several concen- 
trations of most of the substances which reduced the D 
value of these spores by 45 per cent or more. The re- 
lationship of concentration to reduction in D value (that 
is, the slope of the curve) is similar for many of the 
substances. Of those which gave only a small added 
response as the concentration was increased, several 
were oily liquids of relatively low solubility in water. 

No attempt has been made to establish the validity 
of the assumption that survival of spores during heating 
is negatively exponential in the presence of all the 
substances which have been found active, but it is 
shown approximately true for two of them (figure 3) to 
the point where only 200 to 400 viable spores per tube 
survived. To show that essentially all spores are killed 
by further heating will require other techniques than 
those described here. 

Additives have been reported to cause the thermal 
death rate of spores to increase sharply over that of the 
control after an initial period of little or no effect 
(Levine (1952), death at 60 C in the presence of NaOH; 
Shimizu and Ueno (1954, 1955), death at 85 C in the 
presence of vitamin K* and nitrofurazone). This effect 
was not observed with the additives of figure 3, with the 
spores heated at 113 C. 

The number of surviving spores is considered to be 
the number detected by plating. The calculations of D 
values are therefore based upon the entire process of 
heat treatment, plating, and subsequent incubation. 





168 H. D. MICHENER, P. A. THOMPSON, AND J. C. LEWIS VOL. 7 


It is well known that the proportion of survivors of here, we feel that the concept of death or si irviyal 
severe heat treatment is highly dependent upon subse- should not be restricted to factors operative solely 
quent storage and outgrowth conditions (see, for during the heat treatment, and the terms are jot s 
example, Lewis et al., 1954). For the purposes considered restricted in this paper. 


TABLE 1 


Substances active in n reducing heat resistance of spores of C lostridiwm sp. strain PA S679 


D Value Reduction of 45 to 85% (with conc giving approx 50% reduction)* 


D Value Reduction of 20 to 45% (with highest conc tested) 








Substance Conc Substance Cone 
Sra ain tana Aaa CE nS ee ne | ee ee a, A 

ppm | ppm 
2-Aminobenzenethiol, Zn derivative’. . ; 80 2-Aminobenzenethiol, Hg derivative’............. 120 
Allyl isothiocyanate.............. clone 500 ape MNMMMDNL (CL 255,450 sc lesa os Sates ee 500 
OS Se ee ec sok sia uence 300 Pe Boy Es BES een eee ee 500 
n-Butyl thiolsulfinate?......... eee ode ne ate 1000 POMNMEAN EE tN oi Ne Sos ttp og a RARE 500 
Cetyltrimethylammonium bromide aa Peer eee 300 PANNA RIE PROMMNN EE 5555's Gig 004,46 G88 Se ee wie 60 
Chloroacetone (67% D value reduction)........... 500 | Benzoyl peroxide................. ee cerieaten ee 1000 
Diepoxybutane................... ee ee 360 Benzyltrimethylammonium chloride. . eee 1000 
Diethyldithiocarbamate, Na salt. ... ret ee 600 LO" Roe ener Re ee eee 500 
Dodecylguanidine-HBr?¢.............. - al 170 | Butylene oxide S, Dow.................. Dae iets 2000 
CS oS Se ee 200 | Butyl hydroperoxide.............. Saree ees ale 1000 
Formaldehyde.... er ae. 80 | Catenulin, Plizer.............. Pe eee a esta ae 60 
Garlic oil......... tee Mane 300 | Cinnamaldehyde................. Prine ene = 500 
Hexylresorcinol..... ee See 5 panes 1000 | Diethyldisulfide.............. See ees eee es ee 330 
Hy drogen peroxide......... bees Paroles See 40 | Dithiocarbamic acid, Na salt.................... 1000 
2-Methyl-1,4- naphthoquinone:.. | 230 | cis-9,10-Epoxystearic acid®....................... 1000 
SL Ee eee Leas cone 20 | trans-9,10-Epoxystearic acid*. .. oe 1000 
Nordihydroguaiaretic acid’...... Se CSRaE 300 | Ethyl isothiocyanate. .... ete ae eer ae 500 
Phenyl isothiocyanate. ... PESO Gib ON OES RIES OR OA 500 SL MONEB ID IIN ES. Coors tars whoa eG a kw epee EO 500 
B-Promolactone ............5.5.65.. eel 1000 Glycerol a-monochlorohydrin.................... 500 
Propylene oxide. . <a oe 1300 | Hydrocinnamaldehyde........................... 500 
3-Pyridinethiol, Zn derivative ........ Roe eae 200 | MESAPOOUINOOE. «oo isc seca ace ssc see SSD at aol 500 
Silver nitrate. . .. were ie i |e rere Se eae 60 
Subtilin’...... 4. be 4 EST | a ee eee Pe a Serene ede Sect 500 
J) Cee eee Bae tenes ere 4 FO EES oS one eee re ar ane eee eee 500 

Sutin B*............ eer | approx 20 | N-Methyl dithiocarbamate dihydrate, Na salt, 
Subtilin methyl ester no. 21. — <2 Stauffer. Ce are ey 170 
Subtilin methyl ester no. 36°. ... LORRI oS Sa eR ee ey oe 500 
Tetrachlorohydroquinone 300 | N-Nitrosodiphenylamine”.................. iccvais 500 
fo ee ee ers: 500 
| n-Propyl disulfide............ Se ee aT 500 
COULDA Go) ee Riri he ne 3000 
INE Sin cv apacvsaswesvnves’ ee eer 500 
eS re ae Re ey eee eee 500 
| Triketohydrindene hydrate...................... 500 
| Coo dibasic saturated acids®...................... 500 
Coo dibasic unsaturated acids®’.................... 500 








@ See figure 2 for activities of various concentrations of most of these substances. 


> Hoffmann-La Roche Company, Nutley, New Jersey. 


¢ Phenoxyethyldimethyldodecylammonium bromide, Ciba, Summit, New Jersey. 


4 Sterling-Winthrop Research Institute, Rensselaer, New York. 
¢ Menadione, vitamin K;,. 


S Benger’s, Ltd., England. Now produced by Aplin and Barrett, Ltd., England. 


¢ Wm. J. Stange Company, Chicago, Illinois. 
* Prepared at this Laboratory. 


i Prepared as described by Carson et al. (1949). Preparations no. 21 and no. 36 contained, respectively, 0.51 and 1.09 equivalents 


= 


of methoxyl per kg. 


i In several experiments, aureolic acid gave D value reductions varying from 0 to 55 per cent. The reason for this is unknown. 


4 Dr. D. Swern, Eastern Utilization Research and Development Division 
ment of Agriculture, Philadelphia, Pennsylvania. 


, Agricultural Research Service, United States Depart- 


™ Dr. W. J. Robbins, New York Botanical Garden, New York, New York. 
"Dr. M. C. Kloetzel, University of Southern California, Los Angeles, California. 
° Shell Development Company, Emeryville, California; no. P-10280 and no. P-10190, respectively. 
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Figure 2. Substances giving reduction in D value of 45 per cent or more. (Five additional substances are listed in table 1, left 
hand column.) The line is extended above the highest recorded point for several substances which were tested at higher concentra- 
tions and found to prevent survival of all spores. This corresponds to D value reductions of at least 80 to 90 per cent depending 
somewhat on experimental conditions. 

Abbreviations: ABT’, 2-aminobenzenethiol, Zn derivative; BT, n-butyl thiolsulfinate; CTAB, cetyltrimethylammonium bro- 
mide; DDC, diethyldithiocarbamate, Na salt; DG, dodecylguanidine- HBr; MN, 2-methyl-1,4-naphthoquinone; NDGA, nordihydro- 
guaiaretic acid. 
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As mentioned above, it is possible that a test sub- 
stance can be carried into the plate in sufficient concen- 
tration to prevent spores from developing into colonies. 
Almost all of the active substances were therefore given 
a special test in which they were added at 0.001 times 
their test concentration to plates containing spores 
which had been heated in the absence of any test 
substance. Only subtilin and its methyl esters, nisin, 
gentian violet, methylene blue, and bithionol (table 1) 
prevented spore outgrowth when tested in this way. 

Assuming that no inactivation occurred during heat- 
ing in the screening test, subtilin would have appeared 
in the plates at concentrations of 0.002 to 0.02 ppm, 
and nisin at 0.004 to 0.04 ppm. Severely heated spores 
of PA 3679 have been shown to be sensitive to subtilin 
and nisin in these concentration ranges (O’Brien and 
Titus, 1955). Also, subtilin is known to become ad- 
sorbed on the spores of a strain of Bacillus subtilis and 
to kill them only when they start to germinate 
(Michener, 1955). This is probably true for subtilin 
methyl ester, and unpublished data suggest that it is 
true for nisin. 

Since delayed germination is characteristic of PA 
3679 spores, substances which pass the screening test 
require further testing. For example, the graphs in 
figure 3 show counts after a 10-day incubation period at 
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Figure 3. Approximate negatively exponential survival of 
spores during heating in untreated broth and in the presence of 
subtilin and hydrogen peroxide. 
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30 C. These counts increased only slightly during ay 
additional 14 days of incubation. After the usu:! 3-day 
incubation period, all three lines were lower on the graph 
but bore the same relationship to each other, :ind the 
reduction in D value was about the same whether it was 
calculated from 10-day or 3-day counts. This was no} 
true for another substance, allyl isothiocyan:ite. A). 
though this gave a large reduction in D value, based oy 
the standard 3-day counts (figure 2), it was only moder. 
ately active when the D value was calculated from 10- 
day counts. 

The data on all substances which have been screened 
are summarized in table 2 by groups of substances, 4 
few substances were assigned to more than one group, 
“Chemicals stated to have antibiotic activity” (table 
2) include chemicals described in the literature as 
having antibacterial, antiviral, antitumor, or antifungal 
activity, analogs of such chemicals, and, in a few cases, 
groups of chemicals prepared for the purpose of testing 
for such activity. A list showing activities of all sub- 
stances tested (Michener et al., 1959) will be supplied 
by the authors with reprints of this paper. This list 
also gives the source of substances which are not com- 
mercially available, and indicates which substances 
were assigned to each group. 

Of the antibiotics tested, only subtilin and nisin gave 
a D value reduction of over 45 per cent. Most. of the 
tests were on unfractionated subtilin (Fevold et al, 
1948) but subtilin was recently separated into several 
fractions (Alderton and Snell, 1959). Subtilin A is about 


TABLE 2 
Summary of compounds tested for effect on heat resistance oj 
spores of Clostridium sp. strain PA 3679 


Reduction in D Value 


Under 20% 20 to Over 
(inactive) 45% 45% 

Antibioties* ee 177 
Chemicals stated to have anti- 

biotic activity........ 
Miscellaneous chemicals... . 
Amino acids. ... 
Disinfectants 
Dyes 
Fatty acids 
Esters and glycerides of fatty 

acids 
Sugars et ik 
Other carbohydrates and sugar 

aleohols...... 
Mutagenic substances. . 
Mixtures extracted from plants 
Spore germination stimulants 
Solvents ae 
Sulfur compoundsf. 
All substances. ... 588 f 26 


* Including a few substances isolated from the higher plants 
+ Not including antibiotics or sulfates. 
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}times as potent as subtilin B, both with respect to D 
yalue reduction (table 2) and growth inhibition (cup 
plate assay, Alderton and Snell, loc. cit.). The action of 
subtilin on heated spores was discussed by Michener 
(1955). 

The highest proportion of active substances was 
found among the mutagens and the sulfur compounds. 
Substances are listed as mutagenic if they were so 
described for higher organisms by Auerbach and Robson 
(1947), Dickey et al. (1949), Auerbach (1951), Demeree 
and Hanson (195!), Kaplan (1951), Levan (1951), 
or Jensen et al. (1951). No attempt has been made to 
demonstrate mutagenicity for PA 3679. 

Of 25 organie sulfur compounds (exeluding anti- 
bioties) 12 were active. Allyl, ethyl, and pheny! isothio- 
cyanates were all active (40 to 50 per cent reduction in D 
value). Allyl acetate and allyl propionate were inactive, 
as were ethyl thiocyanate and phenyl isocyanate. Ethyl 
disulfide, propyl disulfide, and n-butyl thiolsulfinate 
were active. Other active sulfur compounds include two 
dithiocarbamates, Zn and Hg derivatives of amino- 
benzenethiol, and a Zn derivative of pyridinethiol. 
These derivatives may be active because of their heavy 
metal content. Some of these sulfur compounds also 
have mutagenic activity. 

Of the straight-chain saturated fatty acids, those in 
which C = 2, 4, 6, 7, or 8 were inactive, C = 10 was 
slightly active, whereasC = 12, 14, 16, or 18 reduced the 
D value of these spores by 30 to 35 per cent. Oleic acid 
had little or no activity. These were tested at 500 ppm. 
Spoehr et al. (1949) and Hassinen et al. (1951) found 
that antibacterial activity was maximal at Cy and 
became negligible at Cy, to Cys. Camien and Dunn 
(1957) found saturated fatty acids in the range of 
approximately Cy to Co) to be antimetabolites for 
Lactobacillus. Their effect was reversed by unsaturated 
fatty acids. Short chain fatty acids (C; to Cy) also 
inhibit growth, but in a different manner and 
higher concentration. 

A mixture of Cs) dibasic saturated acids and a 
mixture of Cy) dibasic unsaturated acids were active 
(table 1). Oleic and other unsaturated acids, when 
rancid, inhibited spore germination at 1000 ppm (Roth 
and Halvorson, 1952). Of 21 esters and glycerides of 
fatty acids, none were active. 

Of several common disinfectants, only hydrogen 
peroxide, formaldehyde, and silver nitrate were active, 
whereas calcium hypochlorite, potassium permanga- 
nate, sodium bisulfite, and merthiolate were inactive. 
Of five dyes (including gentian violet, commonly used 
as a disinfectant) only two showed moderate activity. 
Among the antibiotics tested were many such as the 
tetracyclines and penicillin which prevent vegetative 
growth of PA 3679 (Lewis et al., 1954). Thus the sub- 
stances which are bactericidal or bacteriostatic in the 


usual tests do not necessarily have any effect on D value 
in this screening test. 

Of several epoxides, the following concentrations 
gave D value reductions of approximately 50 per cent: 
ethylene oxide, 200 ppm; propylene oxide, 1300 ppm; 
butylene oxide,° greater than 2000 ppm; diepoxybutane, 
360 ppm; 9,10-epoxystearic acid, greater than 3000 
ppm (cis- and trans- equally active). Three other com- 
plex epoxides were only slightly active, as was buta- 
diene monoxide. 

Alanine and adenosine, although required for spore 
germination (Pulvertaft and Haynes, 1951; Powell and 
Strange, 1953), were inactive. Dipicolinic acid, pro- 
duced by spores during germination (Powell, 1953), 
was also inactive. 

Of the active substances, the following previously had 
been shown to accelerate heat killing of spores: 6- 
propiolactone (Curran and Evans, 1956), allyl isothio- 
cyanate (IXosker et al., 1951), and garlic oil (Anderson 
et al., 1953). Clove oil (Anderson et al., 1953), colupulone 
(previously misidentified as lupulone) (LaBaw and 
Desrosier, 1953; Lewis et al., 1954), and indoleacetic 
acid (LaBaw and Desrosier, 1953) were inactive in our 
test although previously reported to accelerate the 
thermal killing of spores. Colupulone showed slight 
activity in the thermoresistometer test (see under 
Methods). Esters of vanillic acid are sporostatic at 1000 
and 1500 ppm (Evans and Curran, 1948). In our test, 
isobutyl vanillate at 1500 ppm and ethyl and sec-butyl 

vanillate at lower concentrations were ineffective. 
Reduction of heat resistance of spores by vitamin K has 
been reported (vitamin K;, Reynolds and Lichtenstein 
(1950) and Verona (1955); vitamin K;, Shimizu and 
Ueno (1954, 1955)). Vitamins K, and K; were inactive 
in our test at 200 to 500 ppm, but 2-methyl-1,4-naphtho- 
quinone (vitamin K,4) was active (figure 2). Nitro- 
furazone and pentachlorphenol also reduced thermal 
resistance of spores (at 85 C, Shimizu and Ueno, 1954, 
1955) but another nitrofuran (Nitrofurantoin, Eaton) 
was inactive at 500 ppm in our test. The earlier reports 
on these substances have been reviewed by Lewis et al. 
(1954). ; 

A few substances were found which increased the D 
value; that is, they protected the spores. D values were 
increased by 33 to 40 per cent by betaine-HCl (0.05 per 
cent), LiCl (0.1 per cent), MnCl, (0.2 per cent), and 
NaSO; (0.2 per cent). They were increased by 55 to 
75 per cent by citric acid (0.05 per cent), FeCl. (0.2 per 
cent), and NaNQs (1 per cent). 

Of the substances listed in table 1, several are now 
used in foods or are natural constituents of food plants. 
Propylene oxide is used to control yeasts and molds on 

5 Butylene oxide 8, Dow Chemical Company, Midland, 
Michigan. A mixture of 1,2-, cis-2,3-, and trans-2,3-butylene 


oxides. Butylene oxides M, Dow, containing also isobutylene 
oxide, was somewhat less active. 





172 H. D. MICHENER, P. A. THOMPSON, AND J. C. LEWIS 


dried fruits. Nordihydroguaiaretic acid is used as an 
antioxidant. Sodium nitrite is used in meat, but only at 
concentrations below 200 ppm. Allyl isothiocyanate is 
found in cabbage and certain other Cruciferae and 
propyl disulfide is found in onions and some other 
Allium species (Kjaer, 1958). Unfortunately these, 
along with garlic oil, have strong odors. Most of the 
fatty acids are, of course, common constituents of foods. 
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SUMMARY 

About 650 substances were tested for ability to reduce 
the heat resistance of spores of the Clostridium sp. strain 
PA 3679 suspended in thermal death time tubes of 
Andersen’s pea-pork medium and heated at 113 C. The 
tubes were heated sufficiently to kill 75 to 95 per cent of 
the spores in controls having no test substance, after 
which they were diluted and plated. The total dilution 
on plating of the heated spore suspension was at least 
1:1000. At this dilution the small amount of test sub- 
stance carried into the plate usually had no inhibitory 
effect. From the plate counts of the survivors the effect 
of each test substance on the D value of the spores 
(the heating time required to reduce survival by 90 per 
cent) was calculated. 

Of the substances tested, 26 reduced the D value of 
these spores by 45 to 85 per cent at concentrations of 
7 to 3000 ppm. Activity was frequent among substances 
known to be mutagenic for higher organisms and among 
organic sulfur compounds. It was infrequent among 
antimicrobial chemicals, antibiotics, and substances 
selected at random. Among the more active substances 
were subtilin and its methyl esters, nisin, ethylene oxide, 
diepoxybutane, hydrogen peroxide, formaldehyde, 
dodecylguanidine- HBr, cetyltrimethylammonium bro- 
mide, nordihydroguaiaretic acid, 2-methyl-1 ,4-naph- 
thoquinone (vitamin K,), and tetrachlorohydroquin- 
one. 
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The measurement of media turbidity by transmitted 
or scattered light has been widely used as a function of 
microbial growth. Currently available photoelectric and 
spectrophotometric instruments require that an opera- 
tor perform the manual task of placing a tube in the 
instrument and recording the results. This procedure re- 
sults in a good deal of tube handling, questionable effi- 
ciency in reading the results, and, many times, failure 
to record data during nonworking hours. Recently, con- 
siderable interest has been expressed in converting the 
entire procedure of reading and recording media tur- 
bidity to an automatic process and two such instru- 
ments have been described (Hutchison and Coultas, 
1957; Harris, 1958). This paper describes a third instru- 
ment which has such features as the automatic han- 
dling of up to 300 test tubes and the automatic recording 
of data measured. In spite of this considerable capacity, 
the machine is small, less than two feet square, portable, 
and capable of being wheeled readily into a moderate 
size incubator. 

‘Present address: Booz-Allen Applied Research, Inc., 
Bethesda, Maryland. 

2 Present address: Allen Electric and Equipment Company, 
Kalamazoo, Michigan. 


MATERIALS AND METHODS 
Apparatus 


A front and top view of the instrument are shown in 
figures 1 and 2. The essentials of this instrument are 30 
separate racks, each holding 10 test tubes. As each tube 
passes in front of the optical system, the turbidity is 
recorded on a card and the cycle is completed every 2 
hr. The removable card on each rack is divided equally 
into ten 1 by 2!4 in. spaces with appropriate grid lines 
for turbidity and time (figure 3), The component parts 
are described in detail. 

Optical, electronic, and recording systems. The light 
source is a 32 CP, 6 to 8 v prefocused base automobile 
headlight bulb. This source is very compact, has high 
output and good life and the filament is precisely ori- 
ented with respect to the base. 

Surrounding the lamp is a slotted cylinder driven at 
3600 rpm by a synchronous motor. This constitutes a 
chopping mechanism which delivers light interrupted 
420 times per sec in opposite directions across the cylin- 
der with the light beams passing through respective 
slits in each direction. One beam goes through a lens 
system and heat absorbing filter into the test tube. 
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Figure 1. Front view showing (A) the control panel, (B) 
optical and recording system, (C) racks containing tubes, and 
(D) cards on which turbidity is recorded. 





Figure 2. Top view, showing (A) the control panel, (8) the 
optical system, (C) the recording stylus, and (D) the racks 
containing tubes. Arrows indicate the direction of travel as 
the racks proceed through each 2-hr cycle. 


ow nei weeweas 


Figure 3. Card from rack showing 2-hr turbidity readings. The tubes contain the following bacteria: (1) Escherichia coli, (2) Sal- 
monella typhosa, (3) Proteus vulgaris, (4) Micrococcus pyogenes var. aureus (5) Proteus rettgeri, (6) Streptococcus hemolyticus (pyogenes), 


(7) Streptococcus faecalis, (8) broth control. 
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Light reflected at 90 degrees from microorgani-ins jn 
the tube is reflected again from a tiny mirror and j asses 
through a lens system into a “sample” photoce'|!. The 
output from this photocell is fed into a summiny am- 
plifier. The other beam passes directly from the chopper 
and slit into a “reference” photocell. The output of this 
photocell is amplified and applied both to a clipper cir- 
cuit and to a precision ten turn “‘Helipot’® potentiome- 
ter, thence from the “Helipot” slider to the summing 
amplifier. A ‘““Twin-Tee’” adjusted to 420 cycles is con- 
nected in a feedback circuit around the summing «mpli- 
fier. By means of this arrangement, unwanted signals 
caused by ambient light, hum, and so forth, are attenu- 
ated approximately 30 db. The filtered signal is then 
fed into another clipper followed by a power amplifier, 
The power amplifier also incorporates a ‘Twin-Tee” 
filter to further attenuate unwanted signals. The output 
of the power amplifier drives the control phase of a 2- 
phase servomotor. 

The output of the preamplifier which goes directly to 
a clipper circuit is then passed into a power amplifier 
essentially the same as the one used for the control 
phase. The second amplifier drives the fixed phase of the 
same two-phase motor. 

The servomotor drives the ‘‘Helipot”’ to a point where 
the inputs to the summing amplifier are balanced re- 
sulting in a null inthe amplifier output. The servomotor 
also rotates a vertical screw which carries a stylus on a 
supporting nut to the proper height. The nut is pre- 
vented from rotating by the tines of a spring-loaded 
fork attached to the traveling nut and straddling a 
vertical support rod. In this manner, the servomotor 
quickly drives the stylus and potentiometer to an equi- 
librium position determined by the reflected light enter- 
ing the sample photocell. The stylus is then energized 
through a cam operated switch and pricks a hole in a 
card recording the datum point. Provision is made to 
use either a linear potentiometer or a 2!% cycle loga- 

’The Beckman Helipot Corporation, New Port Beach, 


California. 
4 White Instrument Company, Austin, Texas. 
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ithmic one to provide an expanded scale during the 
arly stages of growth. 

Mechanical moving of the tubes. Recordings of tur- 
bidity are made against time. The time shift of the 
4vlus is produced by a | revolution per day (rpd) clock 
notor. ‘This motor drives a single revolution scroll cam 
of l-in. travel. The entire stylus, potentiometer, and 
vrvomotor assembly is mounted on a pair of vertical 
fat springs and is shifted horizontally from left to right 
py this cam at the rate of 1 in. in about 231% hr. In the 
remaining 1 hr, the cam returns the stylus to the origin 
and the cycle repeats. 

The 300 test tubes are lightly held by springs in 30 
racks. These racks contain 10 tubes and on the front 
side hold a special printed blotter on which the stylus 
marks the individual records of each of the 10 tubes. 
(Qn the bottom of each rack is a series of 10 rectangular 
holes spaced precisely 1 in. apart. These holes serve to 
advance the rack from 1 tube to the next. At the top 
of the ends of each rack are located 2 small plastic rollers 
that support the racks during their movement from the 
front of the machine to the back. 

To return each tube to the reading position every 2 hr, 
it is necessary that all racks be pushed to the back of 
the machine, progress across the back in a manner the 
reverse Of their travel in the front, and then be brought 
jorward to complete the “‘cycle’’ in a sort of ‘“‘do-se-do”’ 
operation. The progression of each rack along the back 
isaccomplished by a cam and mechanical links extend- 
ing along the machine under the racks. Similarly, a cam 
engages and disengages a pin at the back by means of 
along push rod extending down the center below the 
other mechanisms. 

The rack replacement shift refers to the shift from one 
rack to the next. This requires a simultaneous move- 
ment of 144 in. forward to the racks on the left side and 
an equal movement to the rear of the racks on the right 
side. 

Four hook arms are used to pull the two groups of 
racks to the back and to the front. The right hand pair 
of hooks is directly linked through a crank to an oscil- 
lating shaft. The left hand hooks are connected to the 
other end of this shaft by a pair of intermediate direc- 
tion-changing linkages. The shaft is driven by a cam on 
asmall, synchronous motor. All four hooks are of sheet 
metal and slide on ways located at the sides and middle. 
The hook tips are spring loaded to snap over the ends 
of the rack at the conclusion of the last reading of each 
rack, 

Stirring of cultures, media, and reading of results. It 
became readily apparent after a few preliminary experi- 
ments that it was necessary to stir the contents of each 
tube. This was accomplished by a magnetic stainless 
steel rod, 4g in. diameter by 54g in. in length, placed 
ineach tube and a motor-driven Alnico® magnet in close 


‘Indiana Steel Products Corporation, Valparaiso, Indiana. 


proximity to the underside of the test tube adjacent to 
the reading station. In separate studies, no apparent 
difference was noted when the cultures were vigorously 
shaken by hand and compared to results obtained when 
the cultures were stirred by the magnetic bar. Also, 
viable counts indicated that the stainless steel rod did 
not stimulate or suppress the growth of the organisms 
used in this study. 

The selection of culture media was not critical and 
the instrument performed equally well with synthetic 
as well as nonsynthetic media. However, as is charac- 
teristic of any nephelometer, only cultures producing an 
even, homogenous growth could be used. Optical 
matched tubes were used throughout these studies. 

During the course of a 24-hr period, 11 datum points 
were obtained for each tube from which the growth 
curves were composed. As the size of these curves was 
relatively small, approximately 1 by 114 in., they were 
enlarged to 8 by 11 in. by means of a simple opaque 
projector. In order to have a point of reference, stand- 
ard curves were produced which related turbidity read- 
ings to viable counts for each test organism. The large 
capacity of this instrument allowed the use of a suffi- 
cient number of replicates so that the data could be 
evaluated statistically. 


RESULTS 


The instrument described in this paper was used in a 
variety of experiments with a wide range of common 
bacterial species. Satisfactory growth curves were ob- 
tained with strains of micrococci, streptococci, and var- 
ious members of the enteric group including coliforms 
and proteus. The bacteria whose growth curves are pre- 
sented in figure 3 were grown in brain heart infusion 
broth with the exception of Streptococcus hemolyticus 
(pyogenes) which was grown in a semisynthetic medium. 
The constituents of this medium, referred to as 7 AW, 
are presented elsewhere (Wilkins et al., 1956). All of the 
tubes contained approximately 1 X 10° cells per ml at 
zero time and grew to a maximum number of approxi- 
mately 1 X 10° cells per ml. Certain aspects of these 
curves are worth considering at this time. Of interest is 
the uniform rate of growth of S. hemolyticus in the semi- 
synthetic medium as compared to the growth curves of 
the other bacteria in a nonsynthetic medium. Also, there 
was a marked increase in the growth of Salmonella ty- 
phosa, Proteus rettgert and Streptococcus faecalis after 2 
hr of incubation at 37 C which was not evident with the 
other organisms. 

This instrument was used in a wide variety of experi- 
ments, however, only a few of its applications will be 
described. It was extremely valuable in determining the 
effect of antibiotics on bacterial growth especially at 
sublethal levels (Wilkins et al., 1956). In other experi- 
ments, the antibiotic was added at different stages of 
growth in which turbidity readings plus viable counts 
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provided much useful information on the mode of action 
of the drug. 

In studies on antibiotic combinations, turbidity read- 
ings obtained with this instrument indicated that a com- 
bination of novobiocin and penicillin was synergistic 
when tested against strains of micrococci and proteus 
(Barbiers and Lewis, 1957). This nephelometer was also 
used on studies of the rate of development of resistance 
by various bacteria in the presence of one or more anti- 
bioties. Numerous nutritional studies on micrococei 
were conducted in which turbidity readings were corre- 
lated with growth response. Also, the instrument was 
used for routine procedures such as bioassays in which 
the large capacity of this instrument permitted the test- 
ing of numerous samples at one time. 


SUMMARY 


This paper describes the construction and use of a 
continuous recording nephelometer. The salient features 


[vou, 7 


of this instrument are the automatic handling of UD to 
300 test tubes and the recording of data measured every 
2 hr, the instrument is small, less than 2 ft scuare and 
portable, and it has been successfully used in varioys 
fields of bacteriology including growth rate studies, the 
action of antibacterial agents, antibiotic combinations, 
and nutritional studies. 
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It is well known that the use of fatty oils, that is, 
animal and vegetable oils, ina corn steep-lactose-CaCO; 
medium accelerates the penicillin production (Stefaniak 
et al., 1946; Goldschmidt and Koffler, 1950; Ishida and 
Isono, 1952; Anderson et al., 1956). These oils have been 
shown to be readily metabolized by the fungus (Rolin- 
son and Lumb, 1952; Anderson et al., 1956) and can 
serve as the main energy source for the fermentation 
(Perlman and Langlykke, 1953). No true advantage 
over lactose has, however, been demonstrated when the 
latter was completely replaced by these oils (Perlman 
and Langlykke, 1953). Several years ago we undertook 
a study of this problem, trying to find any possible proc- 
ess whereby the use of oil might be of real advantage. 
The results of this study are reported here. 


MATERIALS AND METHODS 


The fermentation was carried out in shake flasks incu- 
bated at 25 C on a rotary shaker (280 rpm, 2 in. stroke) 


1 Paper presented at the Fermentation Subdivision, Amer- 
ican Chemical Society, 134th Meeting, Chicago, Illinois, Sep- 
tember, 1958. 

2 Present address: Research Laboratories, Schering Corpo- 
ration, Bloomfield, New Jersey. 


in the conventional manner (Florey et al., 1949; Per!- 
man, 1950). A mutant strain from Penicillium chryso- 
genum Wis 49-133 was used in all of the experiments 
reported here; the few experiments in which Wis 49-153 
itself was used yielded similar but less satisfactory re- 
sults. 

The oils were added by means of pipettes. The values 
for the weights of the oils were calculated from calibra- 
tion data of the pipettes. The fermentation samples for 
penicillin assay were first centrifuged. The oil layer was 
removed by suction or other convenient means. An ali- 
quot of the clear aqueous phase was used for the assay 
by the aresenomolybdic acid reduction method devel: 
oped in this laboratory (Pan, 1954). 


{¢XPERIMENTAL 

Direct use of fatty oils. Fermentations run in media 
containing fatty oils as energy source were all compared 
with that in a corn steep-lactose medium which was 
“alled lactose control. The composition of such a me- 
dium is given in table 1. It is to be noted that this me- 
dium contained, besides the essential ingredients, 4 
small amount of fatty oil. The term “fatty oil” is used 














1959] 


here to 
yords, th 
ferment: 
dium is s 
gnoothly 
jdays. It 
trol med 
final pote 
the resul 
in place | 
tion proc 
a great | 
noticed. 
duced ra 
In all su 
eney afte 
and ofte: 
ses le to 
dueed si 
To sat 
amined. 
ance as 
celial gre 
that the 
were tre 


Corn ste 
Lactose 
CaCO; 
Fatty oi 
Phenyla 
Pheny 
Pheny 
N-Met 


» NaSO, 


All m 
All m 


200 


PENICILLIN U/ML 
s 
o 








1959] OILS IN PENICILLIN FERMENTATION 177 







































VOL, 7 





jere to distinguish them from mineral oil, or in other ted instantaneously. From the filtrate, fatty acids equiv- 
yords, they are glycerides but not hydrocarbons. The alent to 60 per cent of the weight of the “‘balls” could 


UD to 


every 
a na rmentation performance in such a lactose control me- be recovered. The insoluble residue was shown to con- 
rious § dium is shown in figure 1. The fermentation proceeded sist mainly of calcium soap. It was therefore visualized 
:, the  mnoothly, producing a little over 2000 units per ml in that the fatty acids and the calcium soap formed from 
‘ions,  jdays. If the fatty oil was omitted from the lactose con- the oil during the mold growth tended to adhere to- 
iol medium, a similar curve but at a lower rate and gether and form ‘‘balls” or greasy deposit on the bot- 
inal potency was obtained. The other two curves show tom and sides of the flasks. This separation of fatty 
the results of fermentations in which lard oil was used substances undoubtedly deprived the medium of its en- 
vit, fy in place of lactose as the energy source. The fermenta- ergy supply, thus causing autolysis of the mycelium and 
ism. { tion proceeded quite well for the first 2 days. After that, premature termination of the fermentation. 

a great deal of variation among duplicate flasks was Use of mineral oil as diluent. Attempts were conse- 
matic HF noticed. Some of them could proceed further but at re- quently made to keep the fatty substances in liquid 
_ duced rates while others followed very irregular curves. state during fermentation. Since it had been shown that 
cali jy in all such cases, the broth became thinner in consist- mineral oil was not metabolized by the penicillium mold 

ency after 2 to 3 days as if autolysis had already started and was also nontoxic to its growth (Goldschmidt and 
‘trep. ff and often there were formed some ball-shaped soft mas- Koffler, 1950), the use of mineral oil as a diluent or 
valu- ff ses 1g to 14 in. in diameter. Use of other fatty oils pro- rather as a carrier for the fatty substances was tried. 

duced similar results. ‘It was immediately found that, when a proper amount 
To satisfy our curiosity, these ‘balls’ were closely ex- of mineral oil was added, the fatty acids and the cal- 
amined. It was noticed that they were greasy in appear- cium soap could be kept dissolved or suspended in the 
ance as well as to touch. They were certainly not my- oil layer without separating out as semisolid masses. 
celial growth as we had first suspected. To demonstrate When the oil was thus rendered available to the myce- 
that these ‘‘balls’’ consisted of fatty substances, they lium, the fermentation proceeded smoothly at a higher 
were treated with chloroform in which they disintegra- rate than that in the lactose control medium without 
added fatty oil as would be expected (figure 2 ). Soybean 

TABLE 1 oil was used in this experiment. One gram of soybean 

Composition of lactose control medium oil apparently supplied enough energy for producing as 


much penicillin as 2.5 g lactose, and 2 g soybean oil was 
enough for as much as 5 g lactose. Therefore, the fatty 
oil could replace lactose on an energy basis. It is to be 
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Figure 2. Fermentation in media with mineral oil as carrier 
Figure 1. Direct use of fatty oils in penicillin fermentation for fatty oils. 
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bean oil per 100 ml medium) at the beginning. After 
60 hr, more oil was added daily (for example, 0.75 g per 
100 ml). In this way, a satisfactory fermentation was 
obtained as shown in figure 3. In this particular experi- 
ment, a final yield of a little over 3000 units per ml was 
obtained in 6.5 days as compared with 2200 units per ml 
in a lactose control (containing oil). 

Factors affecting the rate of fermentation. After demon- 
strating that fatty oils can be efficiently utilized as the en- 
ergy source for penicillin fermentations, different factors 
which might affect the rate of fermentation were stud- 
ied. Data obtained from testing the effect of the ratio 
of mineral oil to fatty oil are presented in figure 4. It 
is obvious that a ratio of 3 to 4 volumes of mineral oil 
to 1 volume of soybean oil or 2 to 3 volumes of mineral 
oil to 1 volume of corn oil is optimal. A lower ratio, for 
example, 1 volume of mineral oil per volume of fatty oil, 
failed to keep the oil in a liquid state throughout the 
fermentation. The oil layer thickened to a semisolid as 
fermentation proceeded. A high ratio, such as 4 volumes 
of mineral oil per volume of fatty oil, showed no further 
advantage. 

Results obtained from testing different varieties of the 
mineral oils are presented in table 2. It is clear that a 
suitable viscosity of the mineral oil is essential for its 
function. This suitable range lies between 13 to 30 centi- 
poise. Very light oil like kerosene proved to be useless, 
whereas very heavy oils were ineffective also as would 
be expected. 

Data listed in table 3 were collected from testing dif- 
ferent varieties of fatty oils. These results indicate that 
the fatty oils can be classified into three groups. Oils of 
high content of oleic, such as olive oil, or oleic plus 
linoleic acids, such as soybean oil, corn oil, and rice oil, 
proved to be the most efficient. The rate of fermentation 
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Figure 3. Penicillin fermentation with daily addition of oils 
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was high as shown in the table, and the fermentatioy 
could be kept going at a near maximal rate for 6 to7 
days (not shown in this table). Oils of high coutent of 
stearic and palmitic acids would be expected to give 
poor performance. The solid fatty acids tended to 
thicken the oil phase, resulting in the formation of semi. 
solid masses resembling somewhat those obtained with 
the use of fatty oils without the addition of mineral oil 
Oils high in polyenoie acids, for example, fish oils, wer 
again poorly metabolized, although the oil phase te. 
mained in a liquid state. 

After choosing the corn oil and the Ultrol-7* as the 
oils to be used, a number of experiments were run jy 
which the amount added initially and that added daily 
after 3 days was varied. Without presenting the com- 
plete data, only the best fermentation performance ob- 





§ Atlantic Refining Company, Philadelphia, Pennsylvania. 
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Figure 4. Effect of the ratio of mineral oil to fatty oil upon 
rate of fermentation. 


TABLE 2 


Effect of varieties of mineral oils upon rate of fermentation 


| Ratio of: 
| {Penicillin in Oi 
adj 7 br 
Mineral Oil* Viscosity (20°) | Medium, 72 
. E Centipoise Penicillin in 
| Lactose Con 
| trol, 72 hr 
_— | 
EAMINES 6 oo sm oie e oes 1a | 0.55 
TSS | RE ree aera ee 13.7 | 1.18 
SS | Se pen eee 19.4 1.28 
1S (a er 20.5 1.21 
Ramolf ake ue 30.8 1.23 
Paraffin oil (light)||... 55.0 0.92 


Paraffin oil (heavy)||.. 223.0 0.82 


* Soybean oil was carried in 2 volumes of each mineral oil 
listed. 


+ Sonneborn Sons, Ine., New York, New York. 

t Sherwood Refining Company, Inc., Englewood, New Jersey 

§ Atlantic Refining Company, Philadelphia, Pennsylvania 
Fisher Scientific Company, Pittsburgh, Pennsylvania. 
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tained as a result of these tests is given in figure 5 where 





the amounts of the oils used are given. As indicated by 
the slopes of the curves, the penicillin production in 
the oil medium proceeded at a rate 50 per cent higher 
than the lactose control. The final penicillin yield 
reached almost 4000 units per ml in 6.5 days as com- 
pared to 2200 units per ml in the lactose control where 
our studies on oil started. 


TABLE 3 


Effect of varieties of fatty oils upon rate of fermentation 


Fatty Acidst Ratio of: 
Penicillin in Oil 
Medium, 72 hr 
>. , ; * - 
Fatty Oils Polyenoic 


Palmitic* Pencillin in 


Oleic Linolei is Cw—Coe actose Con- 
el inoleic| “ ctearic (2-10) H — a _ 
| % % | % 
Soybean ‘ 30 50 13 1.18 
Corn 16 $2 11 | 1.32 
tice 13 10 iw 1.22 
Ulive 80 7 | 12 | 1.35 
Lard oil 64 36 | | 1.08 
Beef tallow... .. 51 44 0.75 
Cod liver | 11 | 85 | 0.90 
Menhaden 24 76 0.82 
Sperm | 13 85 0.95 
* All oils were of commercially available grade. Two 


volumes of Ultrol-7 per volume of fatty oil were used in all 
experiments. 
t Hilditeh (1956). 
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Figure 5. Fermentation in medium with optimum amounts 
of oils. 
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DIscUSSION 

Although the mechanism by which the oil is trans- 
ferred through the cell wall of the fungus is not known, 
it is obvious that the oil is readily available to the myce- 
lium as long as it is intimately mixed with the aqueous 
phase of the medium. Probably there are different ways 
to achieve this; the use of mineral oil to keep the fatty 
substances in a liquid state is obviously an effective 
means of rendering the fatty oil available to the myce- 
lium. 

Data presented in this paper fully demonstrate that 
penicillin fermentation proceeded at a higher rate with 
oils than with lactose as the energy source. This result 
would offer an explanation to the earlier findings that 
addition of small amounts of fatty oil to a corn steep- 
lactose medium gave rise to a higher rate of penicillin 
production (Stefaniak et al., 1946; Goldschmidt and 
KXoffler, 1950; Anderson et al., 1956). The small amount 
of oil was probably metabolized, at least partly, during 
an early stage of the fermentation before separating out 
as a semisolid phase. The fact that oleic acid and other 
unsaturated acids were more readily metabolized than 
the solid fatty acids (Anderson et al., 1956) and the 
fact that unsaturated acids had more marked acceler- 
ating effect (Goldschmidt and Koffler, 1950) are also in 
agreement with the present results. As indicated in table 
3, these fatty acids are apparently the most suitable en- 
ergy source for penicillin fermentation. 

The presence of large amounts of fatty oil in our ex- 
periments did not appear to affect the relative propor- 
tions of different penicillin types produced. Data from 
paper chromatographic analysis indicated that over 95 
per cent of the total was benzylpenicillin. Probably 
enough phenylacetyl precursor was added during fer- 
mentation; the biosynthesis was channeled toward that 
of benzyl type regardless of the abundant supply of 
aliphatic substances which could possibly act as pre- 
cursors. 

No attempt has been made to apply this process in 
tank scale fermentations; it is not known whether such 
a process could become of commercial importance. How- 
ever, it is obvious that the presence of a large amount 
of mineral oil at the end of fermentation would present 
a serious difficulty to the recovery of penicillin. 


SUMMARY 


When fatty oils are used as an energy source in a corn 
steep-CaCO; medium for penicillin fermentation, the 
fatty acids and the calcium soap tend to separate out 
as semisolid greasy deposits often in the form of balls. 
This separation of greasy deposit can be eliminated by 
using mineral oil as a carrier or diluent. When the fatty 
substances are thus rendered available to the mycelium, 
fatty oils of high content of oleic or oleic plus linoleic 
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acids can be very efficiently utilized as energy sources 
for penicillin fermentation. With a proper ratio of min- 
eral oil to fatty oil, such as corn oil, and a proper daily 
addition, the fermentation can proceed at a rate 50 per 
cent higher and last 1 to 2 days longer than the lactose 
control, yielding a final potency almost twice as high. 
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Principle 


In these methods, the response of the test organism to 
various concentrations of the substance being assayed 
is evaluated after a suitable incubation period as a 
change in a specific measureable metabolic function. 
The manner in which the response is determined is de- 
pendent upon the physiological function being meas- 
ured. In most cases, these procedures are tube dilution 
methods in which a metabolic (enzymatic) function of 
the test organism, rather than its growth response (tur- 
bidity) is used as an indicator of the end point.! How- 
ever, if the response is quantitative, it is graded in 
proportion to the concentration of the substance being 
assayed in the tubes or flasks of the series. By comparing 
the response of the test organism to the substance being 
assayed with that of the test organism to astandard prep- 
aration of known concentration, the potency of the 
sample may be determined. 


1 Certain of these methods have been developed from the 
standpoint of rapidity since enzymatic activity, in many in- 
stances, can be detected prior to the appearance of growth as 
evidenced by visible turbidity. 





Types of Metabolic Response Methods 


Several types of analytical procedures have been clas- 
sified as metabolic response methods. This category in- 
cludes methods which measure spore germination; 
luminescence, specific enzyme activity, hemolytic actiy- 
ity, carbon dioxide evolution, and acid production. 

The majority of these methods are not readily adapt: 
able to routine assays nor have they been widely used. 
Some are mentioned in this discussion to demonstrate 
the diversity of microbiological activities that are avail: 
able for analytical purposes. No attempt has been made, 
except in the case of the titrimetric methods, to evaluat’ 
or discuss the specific factors involved in their applic 
tion. In general, many of the aspects of analytical micro 
biology previously reviewed (Gavin, 1956; 1957a, b 
apply to metabolic response methods. 


2 This is essentially a growth response method as it involves 


the observation of an expansive phase of growth. For the pu! 


pose of this series of papers, however, only those procedure 
in which the growth reaction consisted of both growth av 


reproduction were classified in the growth response categorie: 
that is, diffusion, turbidimetric, and gravimetric methods. 
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Measurement of Spore Germination 

This procedure is based upon the development of dor- 
mant forms (spores) of the test organism to their fune- 
tioning forms (actively growing cells or mycelium). Un- 
der suitable environmental conditions, the spore wall 
will rupture with the extrusion of a germ tube. This 
process Can be inhibited by antimicrobial compounds 
and limited by the absence of essential growth factors. 
Observation of complete or partial inhibition of spore 
grmination has been used for the evaluation of the 
autimicrobial activity of several compounds (Brian and 
Hemming, 1945; Brian and McGowan, 1946; Brian et 
al., 1946, 1949; also, R. G. Sanders, oral presentation, 
Annual Meeting of the Scientific Section of the Proprie- 
tary Association, 1956), whereas measurement of the 
rate of germination has been used for the assay of 
amino acids (Ryan, 1948). 


Measurement of Luminescence 

This procedure is based on the ability of certain anti- 
hiotic substances, namely aspergillie acid, gliotoxin, cla- 
vacin and actinomycin C, to inhibit the luminescence 
produced by Photobacterium fischeri (Rake et al., 1942). 
It isa tube dilution method in which a series of dilutions 
are made in sterile nutrient medium, inoculated with the 
test organism, and incubated for a suitable length of 
time. Visual observation of the end point for the sample 
the disappearance of lumi- 
nescence, and comparison with that observed in a stand- 
ard series permits an estimation of the potency of the 
sample. 

Theoretically, this method is not limited to either the 
compounds or to the specific organism mentioned. Anti- 
microbial substances produced by Basidiomycetes have 
heen evaluated by this procedure (Kavanagh et al., 
1949). Other members of this genus could also be used 
as test organisms if a correlation were to be found be- 
tween the antiluminescent activity of a specific com- 
pound and a given luminescent species. 

In addition, it is interesting to note that, although 
penicillin has no antiluminescent activity, per se, its 
antibacterial activity will cause a gradual disappearance 
of the luminescence produced by P. fischeri (Rake et al., 
1943). Thus, luminescent bacteria might be used to as- 
say any compound which would inhibit their growth. 


series, as evidenced by 


Measurement of Specific Enzyme Activity® 

A. Urease activity. Proteus vulgaris‘ is capable of hy- 
drolyzing urea to ammonia. As the ammonia is formed, 

*Methods in which cell-free preparations have been used 
are not considered within the scope of this review. An excellent 
review on the use of bacterial amino acid decarboxylases has 
recently appeared in the literature (Gale, 1957). 

‘While Proteus vulgaris has been the choice of the investi- 


th oll gators for the test organism in the methods described to date, 
owth ane - - ‘ ae 
' assays could be devised using other microorganisms which 


possess a urease system, such as members of the genera Bacillus, 
Brucella, and Sarcina. 


the culture medium becomes alkaline. This change can 
be detected by the incorporation of a suitable pH indi- 
‘ator in the culture medium.® Inhibition of this process 
is the basis for assay methods in this group. 

The substance to be assayed, an antimicrobial agent, 
is placed in varying concentrations in a series of tubes. 
Culture medium, containing phenol red, is added, the 
tubes are inoculated with the test organism, then incu- 
bated for a predetermined period of time. Changes in 
the color of the indicator permit the determination of 
the end point. Comparison with a series of dilution of 
a standard, assayed at the same time and under the 
same conditions, gives an estimation of the potency of 
the sample. 

Procedures of this type have been used to assay chlor- 
tetracycline (Schneierson, 1950), oxytetracycline, and 
tetracycline (Ireinberg and Lite, 1957), and for testing 
desorption of quaternary ammonia compounds from 
cotton and wool fabrics (Goldsmith and Latlief, 1955). 

B. Nitrate reductase activity. Assay methods in this 
group are based upon the reduction of nitrate to nitrite 
by actively growing cultures of such organisms as Staph- 
ylococcus aureus, Haemophilus influenzae,and Escherichia 
coli. This reaction may be inhibited or exhibited depend- 
ing upon the biochemical effect of the substance being 
assayed on the metabolism of the test organism. Pro- 
cedures based upon this principle have been used for the 
determination of di- or triphosphopyridine nucleotide 
(Hoagland and Ward, 1942), penicillin (Goth and Bush, 
1944), and nitrate per se (Garner et al., 1956). 

In the performance of the test, nitrate is added to all 
tubes in the series, either at a single concentration level 
for the phosphopyridine nucleotides and penicillin, or 
varying concentrations (2 to 20 ug) for the nitrate assay. 
Culture medium is dispensed to each tube and all tubes 
are inoculated with the test organism. After a suitable 
incubation period, the amount of nitrite produced in 
ach tube is determined. A color-producing reagent, 
N-(1-naphthy])-ethylenediaminesulfanilie acid or N-(1- 
naphthyl)-ethylenediaminedihydrochloride is added to 
all tubes and maximal color is allowed to develop. The 
color is stable so that the tubes can be stoppered and 
read at a convenient time using a suitable photoelectric 
colorimeter. The intensity readings of the color devel- 
oped in the tubes of the standard series, expressed in 
terms of the colorimeter used, are plotted against their 
respective dose concentrations. Interpolation of the val- 
ues obtained for the series of sample tubes on this curve 
permits the estimation of the potency of the sample. 

C. Dehydrogenase activity. The dehydrogenase system 
of bacteria can be used to measure the activity of both 
antibiotics and growth factors. With antibiotic sub- 
stances, the methods are based upon the interference of 


5 Phenol red is the indicator of choice, but other indicators 
sensitive in a similar pH range, such as, cresol red and naph- 
tholphthalein, could be used. 
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the substance being assayed with the microbial reduc- 
tion of a redox indicator; whereas the assay of growth 
factors is based upon the stimulation of this reaction. 
Among the compounds recommended for use as indi- 
cators are hemoglobin, methylene blue, various tetrazo- 
lium salts, resazurin and Janus green. 

Many of the methods in this category are qualitative, 
having been developed for the determination of bacte- 
rial sensitivity to antibiotics (Rajam and Adcock, 1953; 
Jackson et al., 1954; Pital et al., 1956). Others are quan- 
titative and include both tube dilution and diffusion 
type procedures (Prevot, 1946; Reid and Brewer, 1946; 
Holmes and Welch, 1954; Usdin et al., 1954). 

In the former, a series of dilutions are made in sterile 
nutrient broth which contains the indicator of choice. 
These tubes are inoculated with the test organism, in- 
cubated for a suitable period of time and observed for 
an end point as evidenced by a color change of the indi- 
cator. 

With the diffusion methods the substance being as- 
sayed diffuses from a central reservoir through inocu- 
lated nutrient agar and the indicators improve the visi- 
bility of areas of faint growth or inhibition. 

In both types of quantitative methods, comparison of 
the values obtained for the samples with those obtained 
for a standard solution, assayed in parallel, permits cal- 
culation of the potency of the sample. 


Measurement of Hemolytic Activity 


Certain microorganisms, in particular, strains of Strep- 
tococci, posses the ability to hemolyze erythrocytes. In- 
hibition of this activity is the basis for such methods. 
They are usually tube dilution methods, although Flem- 
ing (1944) has described two micromethods using this 
principle, one of which is a slide cell technique and the 
other a capillary tube method. 

Human, sheep, or rabbit blood has proved to be a sat- 
isfactory source of red blood cells. When rabbit blood is 
used, destruction of complement in the sample may be 
required. Dog blood is unsatisfactory for this assay pro- 
cedure because of the fragility of the red cells (Ziegler 
and McGuire, 1953). 

This type of method has been used for the determina- 
tion of penicillin (Rammelkamp, 1942; Rake and Jones, 
1943; Wilson, 1943; Kirby and Rantz, 1944), eryth- 
romycin (Ziegler and McGuire, 1953), tetracycline (Mil- 
berg et al., 1954), and streptonivicin (novobiocin) Tay- 
lor et al., 1956. 


Measurement of Carbon Dioxide Production 


This method is based upon the manometric measure- 
ment of the carbon dioxide produced during the fermen- 
tation of glucose to carbon dioxide and alcohol by yeast. 
Schultz et al., (1937a, b) observed that the rate of car- 
bon dioxide production was accelerated by the addition 
of a small amount of thiamin to the fermentation me- 


dium. As the rate of fermentation can be convenieutly 
measured by determining the volume of carbon dioxide 
evolved, these investigators devised an analytical 
method for the assay of this vitamin. 

In this determination, the pyrimidine moiety of thia- 
min is equally as effective as thiamin itself in stimula- 
ting the fermentation. However, the effect of thiamin 
can be selectively determined by the simultaneous esti- 
mation of thiamin and pyrimidine, followed by inac- 
tivation of thiamin by sulfite cleavage® and a redeter- 
mination of the total pyrimidine component. The 
difference in activity is taken as a measure of the thia- 
min content of a given sample. The products of the sul- 
fite treatment, thiazole, and pyrimidinesulfonic acid are 
inactive and preformed pyrimidine derived from the 
thiamin molecule remains unaffected by sulfite (Kline 
and Friedman, 1947). 

Excess sulfite will inhibit the subsequent fermenta- 
tion. It is destroyed by the addition of 3 per cent hy- 
drogen peroxide. The titration is an exact procedure and 
is controlled by use of an acid-starch-iodide indicator: 

In practice, two preparations are made of each sam- 
ple to be analyzed. One is treated with sodium sulfite to 
destroy the thiamin, the other is left untreated. The 
fermentation activity of each preparation is determined 
using an apparatus designed for this purpose.’ The dif- 
ference in activity expressed in terms of a standard, 
crystalline thiamin chloride, assayed in parallel with the 
samples, is taken as the potency of thiamin in the sam- 
ples (table 1). 

As with all assay procedures, difficulties arise with 
certain samples. Alkali treated materials and urine sam- 
ples give higher values by this method than by other 
methods of analysis, namely thiochrome and _ yeast 
growth procedure. 

Unknown stimulatory substances may occur in sam- 
ples of natural materials. Kline and Friedman (1947) 
reported that the addition of pyridoxine and casein hy- 
drolyzate to the basal medium? was desirable to elimi- 


6 With sodium sulfite. 

7 This indicator solution is prepared by mixing one drop of 
each of these solutions: potassium iodide, 5 per cent; soluble 
starch, 0.2 per cent; sulfuric acid, 50 per cent (by volume). 
The indicator has a pink color which disappears in the presence 
of excess sulfite and which is changed to blue in the presence 
of hydrogen peroxide. 

8 A fermentometer, consisting of 12 gasometers, a shaking 
device, and a thermostatically controlled water bath was de- 
scribed by Schultz et al. (1942) for the macromethod. Proce- 
dures for a micromethod using the Warburg apparatus have 
also been reported (Atkin et al., 1939; Josephson and Harris, 
1942). A suitable fluid for the gasometers is 10 per cent CaCly, 
slightly colored with a small amount of CuCl». 

® This consists of two separate solutions which are placed 
in the reaction vessels in the proportion of one part A to three 
parts B. Solution A consists of 180 g of ammonium dihydrogen 
phosphate; 72 g diammonium hydrogen phosphate, and 0.2 ¢ 
of nicotinic acid dissolved in 1 L of distilled water. Solution 
B consists of 200 g of anhydrous glucose, 7.0 g of MgSO,-7H:0, 
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nate the nonspecific stimulatory effects of food sample 
cons‘ituents. 

When Scrimshaw and Stewart (1944) attempted thia- 
min determination in eggs and meat, they encountered 
difficulty. They concluded that (a) the range of linear 
response Of yeast to graded amounts of thiamin varied 
with the material assayed and the yeast used; (b) that 
the activity of crystalline thiamin is enhanced by other 
constituents of a food sample; and (ec) that thiamin de- 
struction by sulfite cleavage may not be complete. 

To compensate for these sources of error, they pro- 
posed the following: (a) to carry out a preliminary fer- 
mentation with each type of material under study, in 
which graded amounts of thiamin are added to sulfite 
blanks, to determine the range of response in which 
thiamin is linear; (b) to conduct an assay including fer- 
mentation with sample, fermentation with sulfite blank, 
and fermentation with blank plus an amount of added 
thiamin indicated by the preliminary determination; (¢) 
to use as the standard response, gas production result- 
ing from thiamin added to the blank; and (d) to apply 
a correction factor for extent of sulfite cleavage, deter- 
mined by treating a sample containing added thiamin, 
with sulfite. 

In a microprocedure, which has not been used widely 
as a routine assay method, Deutsch (1944) found that 
the capacity of thiamin and pyrimidine to stimulate car- 
bon dioxide production will vary with the concentration 
of these compounds. In addition, he indicated that the 
degradation products of the sulfite treatment, thiazole 
and pyrimidinesulfonic acid, had a stimulatory effect 
on the fermentation. As previously indicated, these dif- 
ficulties have not been observed in the macroprocedure. 


22 g of KH.PO,, 1.7 g of KCl, 0.5 g of CaCl.-2H2O, 0.01 g 
FeCl-6H2O, and 0.01 g of MnSO,-4H.O. Kline and Friedman 
1947) recommended that 4 mg of pyridoxine hydrochloride 
and 200 ml of 10 per cent acid hydrolyzed casein be used in the 
preparation of solution A. 


TABLE 1 
Sample data and calculations for determination of thiamin by 


yeast fermentation* 


Activ 


Gas |_ ity in Apparent Thi 
Ratio Addition to Control Reaction Medium Evol Terms Thiamin | min 
No. ved in of Cc z - 
> Tht. ontent | Con 
3 hr Thia 
: tent 
min 
ml ug ugg ugg 
1 | Thiamin chloride, | pg 170 | 1 
2 | Thiamin chloride, 2 ug 200 | 2 
3 | Sample A, untreated, 10 mg 190 | 1.67 | 167 155 
4 | Sample A, sulfite-treated, io | toate | ibe 0 
100 mg 
5 | Sample B, untreated, 20 mg | 182 | 1.40 | 70 67 


6 | Sample B, sulfite-treated, 179 | 1.30 3.0 0 


100 mg plus 1 wg thiamin 


* Snell (1950). 
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It is obvious that, unless proper precautions are taken 
to prevent leaking of gas from the gasometers, invalid 
assays will result. 

The precision of this procedure is of the order of +10 
per cent (Kline and Friedman, 1947) and the results 
obtained agree well, in most cases, with results of other 
methods (Snell, 1950). 


Measurement of Acid Production 


The methods in this group are based upon the pro- 
duction of acid by certain microorganisms as a result 
of their growth and metabolic activity. As with turbidi- 
metric procedures (Gavin, 1957b), acidimetrie methods 
may be classified in either of two categories depending 
upon the type of response obtained. In the first group 
are the tube dilution procedures in which the test or- 
ganism gives an all-or-none response. The second group 
consists of methods in which the test organism gives a 
graded response. Methods of the first type are qualita- 
tive whereas those of the second are quantitative. 

A. Qualitative methods. The basic difference between 
acidimetric methods of the qualitative type and turbidi- 
metric methods of the same type is the manner in which 
the end point is determined. The procedure is the same. 
A fixed volume of culture medium is placed in each 
tube of the series and sterilized. Various dilutions of 
the substance to be assayed are then added to the series 
of tubes. The tubes are inoculated with the test organ- 
ism, using a predetermined constant inoculum, and in- 
cubated for a specific period of time. In the methods 
under discussion, however, a pH indicator!® is incorpo- 
rated into the culture medium. A change in the color 
of the dye rather than turbidity is evidence of the end 
point. This has been said to be an advantage for faint 
turbidity is sometimes difficult to determine visually 
and confusion, as to the end point, may result even when 
the tubes are read by experienced workers (Reid and 
Brewer, 1946). At the present time, with stable, inex- 
pensive, photoelectric photometers available, this is a 
minor advantage. In addition, changes in pH could pre- 
cede the development of measurable turbidity and in- 
dicate metabolic activity, thus leading to a more rapid 
assay method. In practice, these methods have been 
limited to the evaluation of antimicrobial substances. 

B. Quantitative methods. With the quantitative meth- 
ods, the acid produced by the test organism accumulates 
and reaches levels that are readily titratable. As acid 
production is dependent upon growth and metabolic 
activity, faetors which limit or control metabolism will 
also affect the amount of acid produced by the microor- 
ganism. 

Thus, when various concentrations of the limiting 


” The exact pH indicator used is of little importance. Indi- 
cators, such as bromcresol purple, chlorphenol red, and methyl 
red, may be used provided the culture medium does not obscure 
the color change of the indicator. 
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substance are added to a series of test tubes or flasks 
containing liquid nutrient medium, inoculated with the 
test organism, and incubated for a suitable period of 
time, the amount of acid produced by the test organism 
in each tube will be directly proportional to the concen- 
tration of the substance added to that tube. 

By assaying a known standard preparation in parallel 
with the test sample, the potency of the latter may be 
determined. The titration values obtained for tubes of 
the standard series, expressed in terms of pH units, ml 
of the standard alkali used for titration, or in moles of 
acid produced, are plotted against their respective dose 
concentration. Interpolation of the values obtained for 
the tubes in the test series on the reference curve permits 
the concentration of the sample to be calculated. 

The acidimetric method has been used for the assay 
of vitamins and amino acids (Schweigert and Snell 1947; 
Snell, 1948, 1950; Dunn, 1949; Barton-Wright, 1950, 
1953) and certain minerals (Rogosa, 1944; Bentley et 
al., 1947). It has also been suggested as a simple and 
rapid method for determining the comparative nutri- 
tional value of proteins (Teeri ef a/., 1956). In this ap- 
plication, proteins are hydrolyzed using enzymes nor- 
mally functioning in animal digestion. The hydrolyzate 
is then used as the sole source of amino acids in the cul- 
ture medium. Comparison of the response curve ob- 
tained by titration of the acid produced by the test or- 
ganism with curves obtained in a similar manner with 
other proteins, will give an index of comparative nutri- 
tional value. However, a recent report (Rogers and Me- 
Laughlin, 1958) cast doubt on the suitability of this pro- 
cedure for this purpose. 


Determination of Response 


The acid produced in this type of assay is measured 
by titration with a standard alkali solution to a suitable 
end point. The exact normality of the alkali used is of 
little importance (Snell, 1950). The end point may be 
determined by using a pH indicator solution, such as 
bromthymol blue, and noting the color change, or by 
electrometric titration. Apparatus has been described 
for the rapid titration of culture tubes using either 
method of determination (McQuarrie and Konen, 1944; 
Williams, 1955; Zook et al., 1955). Direct measurement 
of pH has also been suggested by some investigators 
(Silber and Mushett, 1942; Elias et al., 1945). In the 
latter case, the observed differences in pH are small 
(about 4.3 to 6.6) and it would appear that experimental 
values must be determined within +0.01 pH unit for 
results of acceptable precision (Strong, 1947). In prac- 
tice, the method used for measurement of acid produc- 
tion depends upon the personal preference of the indi- 
vidual operator and/or the equipment available to him. 
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Factors which Influence Titrimetric Assays 


The basic assumption in microbiological assays is that 
the growth and metabolism of the test organism are 
influenced in the same way by the substance beiny as. 
sayed, whether in the standard solution or in the sam. 
ple solution (Harris, 1955). If the response to the sample 
is due solely to the content of the factor being assayed, 
then the curve relating dosage to response should be 
identical with the standard curve except that the scale 
will be different (Wood, 1946). In addition, if acid pro. 
duction is directly proportional to the concentration of 
the substance being assayed, this dosage-response curve 
must be a straight line. 

In practice, however, most assays do not show this 
relationship. The curves generally lack a linear segment 
and are curvilinear throughout their length. In certain 
cases, the sample and standard response curves are ir- 
regular or have relatively small slope. This results in 
assay data of low precision and accuracy. 

Some of the nonlinearity may be due, in part, to the 
intrinsic nature of the test organism and may not be 
controllable in the light of present knowledge. The fol- 
lowing discussion is concerned with those factors which, 
when properly controlled, will lead <o satisfactory quan- 
titative assays. 

A. Substance to be assayed. To use a titrimetric pro- 
cedure for the assay of a particular substance, the mate- 
rial must meet certain requirements. These are: 

1. It should affect the test organism in a manner that 
is reflected by changes in the titratable acidity of the 
culture medium. 

2. It should be soluble in water, or some solvent mis- 
cible in water which will not interere with the assay in 
the concentration used. 

3. It should not cause changes in the hydrogen ion 
content of the culture medium. (If the pH of the sam- 
ple cannot be adjusted to a level that would not inter- 
fere with the assay, that is, without precipitation or loss 
of activity, another procedure must be chosen.) 

4. It must be sterile. (This is not a problem in the 
assay of heat stable substances.) 

If the above requirements are not met, another type 
of method must be chosen. 

B. Culture medium. The composition of the basal 
media recommended for acidimetric assay procedures 
has varied widely both in constituents and in their re- 
spective concentrations. This is true even when the same 
test organism has been used for any given assay pro- 


cedures. The major reason for such variation has been 
the advancing knowledge of microbial metabolism, with 
the resultant development of improved culture media. 
In addition, certain changes have been due to attempts 
to overcome the inequalities in stimulatory factors 
which may be present in the sample solution. Dunn 
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(1947) has reported improvement in amino acid assays 
by adjusting the composition of the culture media in 
accordance with previous observations as to the optimal 
balance of nutrients needed for a constant response. 
Many investigators have felt that any improvement in 
the basal media which leads to greater growth or acid 
production must improve that medium for assay pur- 
poses (Barton-Wright, 1953). 

An ideal basal medium for these analytical procedures 
may be defined as one whose composition is such that 
it will (a) provide « nutritionally adequate substrate 
which will support good growth of the test organism; (b) 
nullify, as much as possible, any potential stimulatory 
or inhibitory substances which may be present in the 
sample, other than that being assayed; (c) provide for 
satisfactory acid production"; and (d) have sufficient 
buffering capacity to prevent changes in pH levels that 
would interfere seriously with or prevent growth. 

In a previous discussion (Gavin, 1956), it was pointed 
out that a nutritionally adequate medium must contain 
a) a source of energy, (b) a source of nitrogen, (ce) 
mineral salts (specific ions), and (d) growth factors. The 
source of energy used in most basal media has been 
slucose. The recommended concentration has varied, 
but a level of 2 per cent is satisfactory. Homofermen- 
tative lactic acid bacteria, such as Lactobacillus arabino- 
sus (plantarum) and Streptococcus faecalis convert glu- 
cose almost quantitatively into lactic acid, one molecule 
of glueose being fermented to two molecules of lactic 
acid. Heterofermentative organisms, suchas Leuconostoc 
mesenteroides and Lactobacillus fermenti, produce less 
titratable acid as they form, in addition to lactie acid, 
carbon dioxide, and 2-carbon compounds, such as acetic 
acid and ethanol; with some organisms, a 3-carbon com- 
pound, glycerol, may also result. 

However, it is not necessary that acid production be 
maximum. Snell (1950) has stated that the principle 
objective of assay procedures is to secure accurate as- 
says with a maximum of convenience and not, neces- 
sarily, to secure the maximum possible growth or acid 
production. This viewpoint can be illustrated by data 
presented by Barton-Wright (1953) in his description 
of the riboflavin assay. In a collaborative assay for ribo- 
flavin, two basal media were used. 

Basal medium no. 1, designated B1 in table 2, was 


The term ‘“‘satisfactory,’’ is used in a relative sense and is 
dependent upon the problem of the investigator. It should not 
be interpreted in terms of moles of acid produced per unit of 
carbon source, but rather on the basis of total acid production. 
Low concentration of acid may be readily titrated with a dilute 
solution of base. It is related to small volumes of culture 
medium utilized for economical considerations, such as saving 
of time, labor, and materials, or to methods on a microscale. 
The major criteria is, of course, that an ascending type of 
response curve be obtained with increasing concentrations of 
the substance being assayed. 
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composed as follows: Photolyzed peptone, 0.5 per cent; 
glucose, | per cent; sodium acetate, 0.6 per cent; xylose, 
0.1 per cent; L-cystine, 0.01 per cent; riboflavin-free 
yeast supplement, 0.2 per cent; sodium chloride, 0.5 
per cent; calcium-p-pantothenate, 0.1 ppm; nicotinic 
acid, 0.1 ppm; and inorganic salt solutions A and B.” 

Basal medium no. 2, B2 in table 2, has the following 
composition: Photolyzed peptone, 0.5 per cent; glucose 
2.0 per cent; sodium acetate, 1.2 per cent; xylose, 0.1 
per cent; L-cystine, 0.01 per cent; pL-tryptophan, 0.01 
per cent; riboflavin-free yeast supplement, 0.2 per cent; 
adenine, 10 ppm; guanine, 10 ppm; uracil, 10 ppm; xan- 
thine, 10 ppm; nicotinic acid, 0.1 ppm; calcium-p-pan- 
tothenate, 0.1 ppm; pyridoxine, 0.1 ppm; p-aminoben- 
zoic acid, 0.4 ppm; sodium chloride, 0.5 per cent; 
ammonium sulfate, 0.3 per cent; and inorganic¢ salt solu- 
tions A and B.” 

The difference between these two basal media is that 
medium B2 contains purine and pyrimidine bases, addi- 
tional vitamins, and ammonium sulfate. Greater lactic 
acid production, over the same concentration range of 
riboflavin, is obtained with this medium, resulting in a 
steeper dose-response curve than with medium B1. How- 
ever, examination of the data of table 2 shows close 
agreement between the results with the two media. 

Recently, L. Stubberfield (oral presentation, round 
table discussion on AOAC modification of vitamin as- 
says, 58th General Meeting of the Society of American 
Bacteriologists, 1958) presented data on the results of 
folie acid assay using two different media (table 3). 
Medium 2 gave a steeper standard curve and a lower 
blank value indicating better growth promoting activ- 
ity. But in actual practice, when pharmaceutical prod- 
ucts were assayed to compare the two media, the results 
agreed within 3 per cent. 

The amount of acid produced is not entirely depend- 
ent upon the concentration of fermentable sugar. Both 
the buffer range and the buffer capacity are of equal 
importance, as certain test organisms" are more sensi- 

2 Tnorganic salt solutions A and B are mineral mixtures 
commonly used in culture media employed for assay purposes 
in which lactic acid bacteria are used as test organisms. Solu- 
tion A consists of 25 g of K2zHPO, and 25 g of KH»2PO, dissolved 
in 250 ml of water. Solution B consists of 10 g of MgSO,-7H,0O; 
0.5 g NaCl; 0.5 g of FeSO,-7H.2O; and 0.5 g of MnSO,;-4H2O 
dissolved in 250 ml of water. Several drops of concentrated 
hydrochloric acid are added to solution B to prevent any pre- 
cipation. An aliquot of this solution is used to provide the 
mineral concentration desired by the individual analyst. 
Barton-Wright (1953) has modified solution B by reducing the 
iron concentration from 2 per cent to 0.4 per cent, replacing 
ferrous sulfate with ferric chloride, and increasing the concen- 
tration of sodium chloride 500-fold. 

'8TIn general, the homofermentative rod forms, such as 
Lactobacillus casei and Lactobacillus arabinosus, tolerate the 
highest acid concentrations whereas the coccus forms, such as 
Streptococcus lactis and Streptococcus faecalis, are considerably 
more sensitive to acid (Snell, 1950). 
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tive to acid than others. In addition, while growth may 
proceed until a pH of 4 or less is reached, a rapid change 
in the pH level of the medium will interfere with, or may 
in certain cases inhibit, normal growth. 

Further, it should be recognized that a high degree 
of acid production increases the demands made of the 
nutritional adequacy of the medium. Thus, other com- 
ponents of the medium must be adjusted to levels that 
will compensate for any increased requirements. 

Also of importance is the effect of the added analytical 
specimen on the buffering capacity of the basal medium. 
Changes in buffering capacity may result from the addi- 
tion of the sample and could significantly alter the 
growth response. Toennies and Frank (1950) in a study 
of the role of pH and buffering capacity of the medium 
in bacterial growth, stated that some cases of ‘drift’ 
may be due to this factor rather than to the action of 
undefined inhibitory or stimulatory factors. 


'“<Drift’’ is defined as a regular trend of the computed 
assay values to increase or decrease with the concentration of 
the sample. The occurrence of ‘‘drift’’ is evidence of an invalid 


assay. 


[vou 7 


The most 
which, apart 
effect on the 


generally used buffer has been acc‘ate 
from its effect on pH, has a 
growth of many of the lactic 


stimulating 
acid orzan- 
isms. Citrate buffer has been used and is recommeded 
for assays in which S. faecalis is the test organism (‘Teply 
and Elvehjem, 1945; Baumgarden cf al., 1946). When 
citrate is used as the buffer, a higher degree of acid pro- 
duction may result. However, use of this buffer requires 
an increase in the levels of both manganese and mag- 
nesium (Rabinowitz and Snell, 1947) because of the 
formation of complexes between citrate and these biva- 
lent ions. 

Acid production may be affected by other substances, 
Castor (1953) found that grape seed tannin depressed 
acid production. He corrected for this by converting 
the tannin to an insoluble substance with heat. Chatta- 
way et al. (1943) presented evidence to show that acid 
production can be altered by varying the concentrations 
of Fe™*, Ca“, K”, POs>, and NaCl in the basal medium, 
They determined the optimal concentrations for these 
ingredients and increased the concentrations to levels 


TABLE 2 
Collaborative results for microbiological assay of riboflavin* 
(All values in pg) 





Basal 


Lab Medium? 80 Per Cent Flour Germ Tailings | Malted Barley Malt Extract we Meat Extract | Dried Yeast B onal 

1 Bl 0.55 3.1 2 2.8 2.4 31 44 64 
B2 0.55 3.6 3.0 3.1 c7 32 43 65 

2 Bl 0.50 2.9 2.3 2.6 2.3 5 34 72 
B2 0.52 3.6 2.8 3.2 2.4 23 36 70 

3 Bl 0.64 2.5 af ef 9 33 40 62 
B2 0.66 3.1 2.9 3.0 2.0 42 70 

4 Bl 0.55 4.5 3.1 25 29 33 
B2 4.7 3.3 40 66 

5 Bl 0.61 3.6 2.5 2.9 2.4 25 41 64 
B2 2.4 64 

6 Bl 0.55 = 2.5 M4 2.3 28 33 62 
B2 3.1 2.4 66 

7 Bl 0.56 3.6 2.6 3.0 2.8 33 44 63 
B2 3.9 3.0 52 

& Bl 0.51 3.0 2.4 2.9 2.5 31 4] 64 
B2 

9 Bl 0.50 4.0 2.6 Jae f 2.4 31 48 61 
B2 4.3 = Pie - 42 66 

Mean result Bl 0.552 ef 2.58 2.81 2.38 29.6 41.0 64.0 
B2 0.577 3.76 3.00 3.10 2.51 27.5 42.5 66.7 
* Barton-Wright (1953). 
+ Bl = Basal medium no. 1; B2 = Basal medium no. 2 (cf. text under B. Culture Medium). 
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where further addition did not result in a decrease in 
acid production. 

Acid-hydrolyzed casein fortified with tryptophan and 
cystine may be utilized as a source of amino-nitrogen 
for Vitamin assays and will provide for satisfactory 
growth.'® In the assay of amino acids, the acid hydro- 
lyzed casein is replaced by an amino acid mixture omit- 
ting the one being assayed. However, amino acids may 
be essential, stimulatory, or antagonistic in their role 
asa source of nitrogen for the growth of the lactobacilli. 
lf the mixture is composed only of those amino acids 
which are essential for the growth of the test organism, 
growth may not be adequate for assay purposes (Heg- 
stead, 1944). By adding other amino acids, which are 
not essential but only stimulatory, growth will approach 
maximum. 

The antagonistic effect of one amino acid on the uti- 
lization of another has occurred with media containing 
limited numbers or concentrations of amino acids, and 
not where more complete media are used (Schweigert 
and Snell, 1947). Barton-Wright (1950) has stated that 


18 Methionine may also vary in casein hydrolyzate and con- 
sequently should be increased (Skeggs, Personal Communica- 
tion). 


TABLE 3 


Composition of folic acid media* 


Meant | Medium 2 
= | 
Acid-hydrolyzed casein 
10% solution. . 25 ml 25 ml 





Enzymatic casein digest None 1.25 g casein 
Adenine-guanine-uracil, 

0.1% solution. . 2.5 ml 5 ml 
Asparagine, 1% solution 15 ml 5 ml 
Manganese sulfate, 2% 

soutton........ 5 ml None 
Polysorbate 80, 10% so- 

lution. ... a 0.25 ml None 
Salt solution By. . 5 ml 5 ml 
Tryptophan... . 50 mg 200 mg 
Xanthine, 0.1% solution 5 ml | 5 ml 
bL-Alanine..... None 2.5 mg 
Cysteine........... 0.13 g 0.1 g (L-cystine) 
Glucose, anhydrous. 10 g 7.52 
Glutathione.......... 0.0013 g None 
K-HPO,, anhydrous. . 1.6¢ 1.25 g 
Na citrated hydrate 13 g 12.5¢ 
p-Aminobenzoie acid. . 250 ug 5 ug 
Pyridoxine- HCl. . 1000 ug 60 ug 
Nieotinie acid. . 200 ug 56 ug 
ST 5 ug 1 ug 
Riboflavin........ 250 ug 125 ug 
Distilled water q.s.. . 250 ml 250 ml 





* L. Stubberfield (oral presentation, round table discussion 
on AOAC modification of vitamin assays, 58th General Meet- 
ing of the Society of American Bacteriologists, 1958). 

t Association of Official Agricultural Chemists. 
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it is not possible to determine optimal concentrations of 
single amino acids and that the necessity for any single 
amino acid is, in many cases, relative. There is a com- 
plex interrelationship between amino acids in the metab- 
olism of the bacterial cell because of both structural 
configuration and physiological function. As protein syn- 
thesis may take many and variable pathways, the omis- 
sion or addition of a single amino acid may radically 
alter the synthetic pathway to the extent that the exact 
relationship between the various amino acids becomes 
obscure. For the purpose of analysis, the problem is re- 
solved by adding 10 to 20 amino acids at concentrations 
in excess of that required by the test organism. The 
exact concentration used should be derived experimen- 
tally by the investigator for each test organism and each 
assay as a large excess of an inhibitory amino acid could 
upset the balance ratio. 

The use of synthetic amino acids in culture media de- 
signed for amino acid assays may have a serious disad- 
vantage. Barton-Wright (1950; 1953) has pointed out 
that standard curves should not be established when pL 
amino acids are used, unless it has been determined 
that, for the particular organism used, the pL racemate 
has exactly 50 per cent of the activity of the natural 
product for all ranges of a standard curve. 

For example, p-methionine has about 5 per cent of 
the activity of the L-form for Leuconostoc mesenteroides 
P-60 and is equally as active as the latter for Lacto- 
bacillus fermenti (Camien et al., 1951). Lactobacillus 
helveticus (casei €) and Lactobacillus arabinosus are stim- 
ulated more by pi-glutamic acid than by L(+)-glutamic 
acid (Barton-Wright, 1953). In the lower ranges of the 
standard curve for tryptophan, the DL-acid gives less 
than 50 per cent activity of the L-form (Prescott e¢ al., 
1949). Finally, Leuconostoc citrovorum can use either 
p- or L-alanine (Barton-Wright 1953). 

Contamination of one amino acid with another is al- 
ways a possibility unless high purity biochemicals are 
used as analytical standards. 

As with amino acids, vitamins may either be essential 
or stimulatory in the nutrition of the lactic acid bac- 
teria. Even when a vitamin is nonessential for a partic- 
ular organism, its addition may result in better growth 
under the conditions of the test. In certain instances, 
the success of the assay may depend upon the control 
of the vitamin content. This is particularly true of the 
vitamin Bg group; for example, Lactobacillus delbrueckii 
required lysine, threonine, and alanine in the presence of 
pyridoxine. When pyridoxal or pyridoxamine is present, 
these amino acids are readily synthesized (Stokes and 
Gunness, 1945). On the other hand, with S. faecalis, 
pyridoxamine is the active vitamin (Snell and Ranne- 
feld, 1945) and if suboptimal amounts of pyridoxamine 
are present in the basal media, then samples of natural 
hydrolyzates which contain pyridoxamine will give 
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higher titration values and thus lead to an incorrect in- 
terpretation of the results (Baumgarten et al., 1946). 
The concentrations of all vitamins should be such that 
a nutritionally adequate medium is insured. 

In general, the mineral salts requirement of these test 
organisms has been met by using salt solutions A and 
B® for both vitamin and amino acid assay when lacto- 
bacilli are the test organisms. However, Schweigert and 
Snell (1947) indicated that a study of the mineral re- 
quirements of the lactic acid bacteria might lead to 
significant improvements in the performance of these 
assay procedures. In certain cases, ammonium salts 
have been added to the basal media (Hier et al., 1945; 
Dunn et al., 1947). This was done to correct for any 
ammonium salts that may be components of the sam- 
ple. Camien and Dunn (1952) have stated that the use 
of a high basal salt concentration makes it possible to 
eliminate the effects of possible high salt concentrations 
in test samples. These deviations from the recommended 
salt levels do not appear to be necessary under all con- 
ditions. 

Stimulatory factors may interfere with the assay. 
The lactic acid bacteria may be affected by purine and 
pyrimidine bases and by fatty acids. Thymine, plus 
purine bases, can almost completely substitute for folic 
acid in folic acid-free medium (Stokes, 1944). Thy- 
midine can replace vitamin By requirement for Lacto- 
bacillus lactis (Wright et al., 1948). Zook and others 
(1955) found that the addition of polyoxyethylene sor- 
bitan monooleate successfully counteracts the stimula- 
tory effect of fatty acids in the assay of pantothenic 
acid in foods. 

The few examples cited above point out the impor- 
tance of the basal medium in the success of these assays. 
It is most important that the analyst know as much as 
possible about the nutrition and metabolism of the test 
organism and the composition of the sample being ana- 
lyzed. Satisfactory results will only be obtained if the 
culture medium approaches the specifications of an ideal 
basal medium as described above. 

An excellent method for determining whether a basal 
medium will support maximal growth under specific 
assay conditions is to increase the concentration of each 
component individually in the presence of an optimal 
amount of the substance being assayed. If further 
growth results when any of the constituents are added, 
then the concentration of that. component must be in- 
creased to a level where growth will not increase with 
further additions. In the assay of natural or crude ma- 
terials, the same procedure can be followed with sub- 
stances that may stimulate the growth of the test or- 
ganism. 

In a like manner, substances which may inhibit the 
growth of the test organism may also be varied to deter- 
mine if there is any reduction of maximal growth when 
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these substances are included in the culture me:liun 
By using such a procedure, a culture medium ¢:in by 
designed which will be optimum for any particular gs. 
say procedure. 

A valid criticism of this procedure has been mad 
recently by Hutner et al. (1958). Adding nutrients to 
basal medium in the manner described above, each in. 
proving growth, can go on indefinitely, up to the osmotie 
tolerance of the organism. These investigators state that 
ach time a given cellular synthesis is bypassed by ad. 
ding a nutrient that has previously limited growth, an. 
other limiting situation occurs. The question of where 
to stop when modifying basal media then arises. They 
have suggested that a reasonable point is that at which 
added nutrients do not increase final growth 10 per cent, 
since stimulants in natural materials are nearly always 
diluted out, except when an assay is pushed to the limits 
of sensitivity in assaying low potency materials. 

Rather than involve oneself with arbitrary values or 
academic discussions, the analyst should use accuracy 
as a criterion in determining the adequacy of a given 
medium for a specific assay. This can be done by com- 
parison of results with those obtained by other methods 
of analysis, such as chemical and physical, when avail- 
able and reliable; or microbiological assay with other 
test organisms; by adding known amounts of the sub- 
stance being assayed to sample solutions and obtaining 
quantitative recoveries; and by obtaining identical re- 
sults, within experimental error, from repeated assay. 

C. Inoculation of assay tubes. As previously discussed 
for turbidimetric methods (Gavin, 1957b), there are 
three methods by which the assay tubes may be inocu- 
lated. These are: (a) by seeding each assay tube with 
one or two drops of the inoculum suspension, using 3 
capillary pipette or a syringe; (b) by seeding each assay 
tube with a definite volume of the inoculum suspension; 
and (c) by seeding the test medium in bulk with « 
definite volume of the inoculum suspension, then dis- 
pensing a predetermined volume of the seeded test 
medium into each assay tube. 

When the dropwise method is used, there is some var- 
iation in the distribution of the test organism to the 
tubes. However, Snell (1948) has indicated, in most 
cases, the concentration of the limiting factor present, 
and not the fluetuation in drop size, is responsible for 
the final amount of the growth obtained. 

The first two methods suffer the disadvantage of be- 
ing tedious and time consuming. The third method is 
preferred as it insures equal inoculation for each tube 
of the assay series and is less tedious than the other 
methods. In addition, considerable time can be saved 
when it is necessary to assay several samples. 

D. Other factors. In general, the factors which influ- 
ence titrimetric assay procedures are similar to those 


discussed previously (Gavin, 1957a, b). Incubation tem- 
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perature, oxygen relationships, and the cleanliness of 
the glassware used are important in all analytical pro- 
cedures. Rigid control of these factors, care in manipula- 
tions, and the use of near optimal basal media will lead 
to decreased experimental error with a resultant in- 
crease In accuracy. 


Accuracy of Results 


It has been assumed by some investigators that these 
methods are more reliable than other microbial assay 
procedures because they are based on a total response 
rather than on the rate of response. Actually, the ac- 
curacy of titrimetric procedures is comparable with that 
of other microbiological methods. In routine assays, the 
error will approach +10 per cent although Lowry and 
Bessey (1944) reported an error of +0.7 per cent to 
1.2 per cent for pure substances and +3 per cent with 
crude products for an assay conducted with careful con- 
trol of all variables. 

There are certain applications where a titration 
method is to be preferred to other methods. In partic- 
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Figure 1. Response of Streptococcus faecalis to folic acid as 
measured by titration and turbidity (Loy et al., 1956). 
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ular, they are suitable for the assay of natural products 
that contain factors which either retard or accelerate 
the rate of growth response, but which may not affect 
the total response. 

Loy et al. (1956) compared the acidimetric and tur- 
bidimetric procedures for certain vitamins. Their results 
(figures 1 to 5)!* indicate excellent agreement between 


16 Reprinted by permission of the Association of Official 
Agricultural Chemists. 
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Figure 3. Response of Lactobacillus plantarum to pantothenic 
acid as measured by titration and turbidity (Loy et al., 1956). 
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measured by titration and turbidity (Loy et al., 1956). 
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the methods. In all instances, where comparison of these 
two types of methods has been made, similar results 
have been obtained. 


Advantages and Disadvantages of the Titrimetric 
Type Assay 

The advantages of the titrimetric type assay are: 

1. The method is sensitive to low concentrations of 
active material. 

2. The methods may be used to assay highly colored 
or turbid materials. 

3. In certain cases, they are more reliable than other 
methods since factors which affect the rate of growth 
response will not influence assays in which the total 
growth response is measured. 

4. By proper application of statistical procedures, 
both the precision and accuracy of the method ean be 
determined. 

The disadvantages of the titrimetric type assay are: 

1. The buffering capacity of the basal medium is, of 
necessity, limited. 

2. The sample being assayed must be sterile. 

3. The methods are time consuming and tedious. 

4. The number of samples that can be assayed con- 
currently by this method is limited. 
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Juice extracted from damaged fruit is expected to 
contain more microorganisms than juice extracted from 
sound undamaged fruit (Wolford and Berry, 1948; 
Patrick, 1950; Murdock and Brokaw, 1957; Patrick 
and Hill, 1957). For the complete evaluation of the 
microbial population in citrus juice or concentrate, one 
should consider not only numbers, but also kinds of 
organisms. Some kinds of organisms may cause off- 
flavors and, according to the standards of some agencies, 
certain organisms may be regarded as indicators of 
health hazards. These facts presented a problem in 
processing juice from Florida’s freeze-damaged fruit in 
the 1957-1958 season. Generally, heat is applied to 
stabilize such juice and the degree of exposure employed 
is determined by the individual operator. Some opera- 
tors believe that the physical condition of the fruit after 
freeze-damage should determine the intensity of the 
heat treatment. 

It is generally conceded that undamaged fruit con- 
tains a low microbial count. Kaufman and Campbell 
(1949) observed that juice from sound fruit extracted 
and packed aseptically may be stored at room tempera- 
ture without fermentation and that the counts were in 
the range of 1 to 3 bacteria per ml. Wolford and Berry 
(1948) stated that the elimination of unsound fruit is of 
prime importance in the production of juice of low 
microbial count and low coliform index. Patrick (1950) 
concluded after inspecting 17 processing plants through- 
out a production season that the quality of citrus fruit 
used was of major importance when endeavoring to 
produce a low count juice, provided the equipment was 
kept clean. Fruit with clean exteriors did not insure a 
low count juice from the extractors. The flora varied 
with the treatment and quality of the fruit during a 
season. Murdock and Brokaw (1957) reported that the 
microbial count of juice from sound fruit was 500 baec- 
teria per ml; from drops 1,500 to 29,000; splits 620,000 
to 2,800,000; and deteriorated fruits 3,100,000 to 
9,200,000 per ml. Kaufman and Campbell (1949) con- 
sidered 50,000 to 100,000 per ml normal for sanitary 
commercial seale frozen concentrate operations. 

Bacteria may survive heat treatment because of the 

‘Cooperative research by the Florida Citrus Experiment 
Station and the Florida Citrus Commission. Florida Agricul- 
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protection afforded by pulpy juice, grow in the low 
Brix stage of the evaporator, and subsequently cause 
off-flavor. Murdock et al. (1953) tested the thermal 
resistance of organisms that had survived processing 
and caused off-flavor in orange concentrate. They found 
a strain of Leuconostoc that was destroyed at 145 F, a 
strain of Lactobacillus that was destroyed at 150 F, and 
the yeasts they studied were destroyed at 155 F. On 
another occasion, Murdock et al. (1954) reported that 
Lactobacillus buchneri did not grow in orange juice at 
130 F and decreased from 160,000 per ml to 10 per ml 
in 4 hr. Patrick and Hill (1958) observed that strepto- 
coccus-like organisms in orange juice did not survive 
heat treatment of 14 see to a maximal temperature of 
165 F. Several investigators have noted that tempera- 
tures need not exceed 165 F for the destruction of the 
Yscherichia-Aerobacter group. Patrick and Hill (1957) 
ilso observed that the heat treatment of juice from 
grove-run fruit did not show the consistently clear-cut 
results that were noted when using pasteurized juice 
inoculated with different strains of bacterial species, 
but those surviving 165 F were not considered signifi- 
vant. The variety of microbial contamination seemed to 
have much to do with the numbers of organisms sur- 
viving the heat treatment. The contamination that 
survived, however, would not disqualify the product as 
commercially acceptable. Nolte and von Loesecke 
(1940) found that none of the bacteria isolated from 
commercially pasteurized juice would grow on orange 
juice or grapefruit juice agars incubated at 25, 37, and 
55 C. : 

Through the facilities of the Citrus Experiment Sta- 
tion, we wished to learn something about the numbers 
and kinds of microorganisms in cold-damaged fruit and 
the effect of heat treatment temperatures on their 
destruction. 


EXPERIMENTAL METHODS 


The experiments reported in this paper were con- 
ducted in the Pilot Plant at the Citrus Experiment 
Station, using juice from freeze-damaged Hamlin, 
Pineapple, and Valencia oranges throughout the season 
as they were made available. The juice was extracted 
on an “in-line” press and a plate-type heat exchanger 
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was used for the heat treatment. When a series of heat 
exposures was made in succession, the highest tempera- 
ture in the series was administered first; the heating 
time was 14 see to attain a maximal temperature of 
205, 195, 185, 175, 165, and 155 F (table 1). 

Juice from these varieties of oranges carried the 
chance contamination associated with grove-run fruit 
of this maturity and damage. The numbers of organisms 
were determined by plating dilutions of the juice into 
dextrose agar, pH 7.0; potato dextrose agar, pH 3.5; 
and orange serum agar, pH 5.6. The plates were incu- 
bated at 32 C for 48 hr, except potato dextrose agar 
plates which were incubated at room temperature for 
5 days. 


TABLE 1 
Summary of results after heat treatment of juice from 


freeze-damaged oranges 


Range of Survival 


Processing Temp (F) No. of Samples (Bacteria per Ml) Acidity* 
205 2 0-30 0.59 
195 19 0-350 0.91 
185 5 0-350 0.69 
175 18 0-400 0.91 
165 S 0-20 1.03 
155 2 10-20 0.68 


* The percentage of acid in the juice showing the maximal 
number surviving. 
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ReEsuLts AND Discussion 

The juice from 46 lots of freeze-damaged grove-run 
oranges did not give clear-cut results following the heat 
treatment. A total of 54 heat treatments was niade 
using 6 different temperatures. The acidity rang. for 
all of the juice samples was from 0.37 to 1.37 per cent, 
See table 2 for the percentage range of acid in each 
grade. 

The small numbers of organisms surviving are not 
significant when considering the stability of the juice 
as sporeforming bacteria predominated. However, such 
results usually raise a doubt as to the quality of the 
fruit used (table 1). Nolte and von Loesecke (140) 
found 40 organisms per ml surviving commercial heat 
treatment, but did not state what temperature was used 

The maximal number of bacteria which grew on 
dextrose agar, pH 7.0, was 350 per ml after heating the 
juice to 185 F; potato dextrose agar, pH 3.5, showed a 
maximal count of 180 per ml after the juice was heated 
to 195 F; orange serum agar, pH 5.6, showed a maximal 
count of 400 per ml after heating the juice to 175 F. 
The counts are not indicative of a spoilage hazard since 
the numbers surviving were not large and doubtless 
would grow slowly, if at all, in orange juice. 

The raw juice from these grove-run oranges showed 
considerable variation in the percentage of acid present. 
Hamlin oranges were well advanced in maturity when 
the first occurred ; 


freeze Pineapple oranges were 


TABLE 2 


Microorganisms in raw juice from freeze-damaged oranges 


Range of Numbers X 103 per Ml 


Fruit Damage coe Percentage of Acid Dextrose agar, pH 7.0 Potato dextrose agar, pH 3.5 Orange serum agar, pH 5.6 
Range of counts Avg of counts Range of counts | a Range of counts a Bes 
— 7s 
Hamlin | 
Frozen* 5 0.79-0.91 2.0-212.0 58.2 2.0-6.0 | 32 3.0-170.0 62.3 
Mixed 2 0°70-0.75 334 .0-512.0 -38.0 292.0-448.0 
Pineapple 
Frozen* 14 0.77-1.18 2.7-112.0 34.1 0.1-50.0 11.7 15.0-136.0 | 14.4 
Slight 3 0.70-0.79 6.0-23.0 3.0-36.0 6.0-30.0 
Moderate 4 0.37-0.78 2.0-1,770.0 125.0 0.0-4.0 1.5 2.0-1390.0 403.0 
Severe 4 0.48-0.70 39 .0-2 620.0 118.0 1.0-120.0 | 39.0 52.0-1850.0 962.0 
Mixed 4 0.76-0.82 24 .0-1, 690.0 859.0 15.0-24.0 | 19.0 440 .0-1380.0 912.0 
None 2 0).82-0.92 25 .0-33.0 27 .0-45.0 | 27.0-35.0 
Drops 1 30,800.0 0.0 4900 .0 
Valencia 
Frozen* 13 0).62-1.37 14.0-282.0 94.3 3.0-45.0 11.8 7.0-700.0 12.4 
Slight 11 0.69-1.12 0.0-280.0 86.9 0.01-60.0 18.1 4.0-310.0 78.0 
Moderate 10 0.82-0.99 1.0-64.0 20.20 0.0-39.0 5.9 2.0-32.0 25.1 
Severe 7 1.107 4.0-4,800.0 763.0 0.0-25.0 5.08 7 .0-2900.0 498 .0 
None 5 0.83-1.17 2.5-616.0 3.0-33.0 0.0-462.0 
Drops } - 280 .0-30,, 800.0 9,210.0 0.0-72.0 32.5 250 .0-4900 .0 2390.0 


* Degree of damage was not determined. 
+ Only one determination made. 
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reaching maturity; and Valencia oranges were very 
immature at the time. It is noteworthy that only 1 of 
the 4 lots of Hamlin juice had an acidity of 0.7 per cent 
or below; from 21 lots of Pineapple juice, 5 had an 
acidity of 0.7 per cent or below; and 5 of the 21 extrac- 
tions of Valencia orange juice had an acidity of 0.7 
per cent or below, making a total of 11 extractions of 
juice with an acidity ranging from 0.37 to 0.7 per cent. 
The plate count on these low acid juices averaged 
116,000 microorganisms per ml, with counts ranging 
from 20,000 to 1,840,000 per ml as observed from in- 
oculations on orange serum agar. Thirty-five other lots 
of juice had an acidity between 0.74 and 1.37 per cent; 
these contained a population count of 6,000 to 1,380,000 
per ml with an average of 172,000 per ml as determined 
on orange serum agar (table 2). The data do not show 
clearly the effect of damage on the acidity and num- 
hers of microorganisms that one would expect. 

Of the 46 lots of raw juice reported here, 23 contained 
coliform bacteria of the genus Aerobacter; 41 lots eon- 
tained streptococcus-like bacteria of which 12 gave 
presumptive evidence of enterococci. Five cultures grew 
in the confirmatory medium; of these only 1 could be 
classed as enterococcus since it was catalase negative. 
Organisms from neither of these groups survived 155 F, 
the lowest heat treatment temperature checked. 


SUMMARY 


Considerable variation in acidity was found among 
the 46 lots of juice examined from freeze-damaged 
oranges, the range being 0.37 to 1.37 per cent. 

Juice that contained an acidity of 0.74 to 1.37 per 
cent carried fewer microorganisms than juice with 0.7 
per cent and below. 


Heat treatment temperatures did not destroy all of 
the organisms, but the numbers surviving were spore- 
forming bacteria and within the ranges of numbers 
found in commercially prepared fruit products. 

Coliform bacteria and streptococcus-like bacteria 
were found, but did not survive a heating period of 14 
sec to a maximal temperature of 155 I. 

The number of microorganisms in cold-damaged fruit 
did correlate very definitely with the physical change. 
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The usual methods employed for the estimation of 
coliform organisms (American Public Health Associa- 
tion, 1953) are based on the use of differential media 
whose selectivity depends, in part, on the presence of 
lactose as the sole fermentable carbohydrate. In the case 
of determinations conducted on ice cream samples, 
which normally contain an appreciable concentration 
of sucrose, the desired selectivity is lost and false-posi- 
tive results may be obtained (American Public Health 
Association, 1953). 

In theory, the bacteriological membrane filter (Clark 
et al., 1951) offered a technique for the removal of 
soluble carbohydrate from the microbial flora prior to 
contact between the flora and the selective medium. It 
thus seemed reasonable that a direct method for the 
estimation of true coliform organisms in ice cream 
might be based on the use of this filter. 


EXPERIMENTAL METHODS 


The membrane filter procedure employed was derived 
primarily from the method of Fifield et al. (1957). It 
appears that the membrane filtration of liquid dairy 
products is impeded largely by the presence of fat 
globules. This difficulty is alleviated by heating the 
sample in the presence of wetting agent. 

The ice cream samples were allowed to liquefy and, 
where necessary, large fruit or nut particles were al- 
lowed to settle for 15 to 30 min. For each filtration (47 
mm DA filter’), 20 ml of 0.1 per cent Triton X-100? were 
heated to 48 C and poured into the filter funnel with no 
vacuum applied. One-half ml of sample was added and 
dispersed in the wetting agent by swirling gently for 
several sec. The filtration was completed by the applica- 
tion of aspirator vacuum, and the sample was followed 
by a 20-ml sterile water rinse. Following release of the 
vacuum, the filter was removed with sterile forceps and 
placed on the usual absorbent pad saturated (2.0 ml) 
with M-Endo-MF broth.’ Filter and pad were incubated 
at 35 C for 18 to 20 hr. Characteristic colonies were 
counted under a magnification of 9X. Between filtra- 
tions the funnel was rinsed thoroughly with about 200 
ml of sterile water. 


1 The Millipore Filter Corporation, Watertown, Massachu- 
setts. 

2 Rohm and Haas Company, Philadelphia, Pennsylvania. 

3 Difco Laboratories Incorporated, Detroit, Michigan. 


For experiments which were concerned with method 
precision and the recovery of coliform bacteria, it was 
expedient to supplement the ice cream with known 
strains of coliform organisms to avoid samples with 
insignificant numbers. These test organisms were added 
as aqueous dilutions of a concentration of 10 per cent of 
the ice cream volume. Aqueous dilutions were prepared 
from 18 to 20 hr yeast extract-lactose broth* cultures 
incubated at 35 C. Deoxycholate lactose agar or violet 
red bile agar® plates used for comparative count pur- 
poses were prepared according to standard procedures 
(American Public Health Association, 1953). Ice cream 
samples were obtained from commercial retail sources 
or prepared in pilot plant facilities according to com- 
mercial formulae. 


RESULTS AND DISCUSSION 


Use of wetting agent. In preliminary experiments the 
use of warm Triton X-100 increased the maximal filter: 
able volume of melted vanilla ice cream by a factor oi 
5 to 20 over that of untreated aliquots. The membrane 
filtration of ice cream also appeared to be influenced by 
the addition of stabilizer during the manufacturing 
process. With stabilizer present, the method employed 

‘ Yeast extract (BBL), 1.0 per cent; lactose (CP), 0.1 pe 
cent. 

® Baltimore Biological Laboratory, Baltimore, Maryland. 

® Usually gelatin or sodium alginate. 


TABLE 1 


Comparative celony counts for several coliform cultures 0 
membrane filter, deoxycholate lactose agar, and violet 
red bile agar 


r 
| Colony Count 
| 


Coliform Culture Strains R 
Membrane | Deoxycholate | Violet red 


filter lactose agar bile agar 
C09 | 15 7 | 10 
ATCC 11229 16 o | { 
C013 | 87 | 67 | 60 
RM4 | 54 | 62 | 3 
El | 23 | 0 | { 
Coll | 54 34 =|) (20 
199 | 3 | 35 | 48 
C066 | 4 | 54 | 36 
C064 | 12 | 38 «|b 
RM1 | oe | 4 |. 85 
C036 | 36 | 74 =| ~~ 80 
K-12 24 | 2 | (55 
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permitted the filtration of 1 to 2 mlin contrast to 0.5 to 
0.7 ml of sample without stabilizer. On the basis of 
these findings, all subsequent filtrations were restricted 
to 0.6 ml volumes except for chocolate ice cream. In 
this case the maximal filterable volume is only 0.1 ml, 
presumably due to the gross numbers as well as the size 
of chocolate particles present. Attempts to overcome 
this dilemma by centrifugal removal of particles prior to 
filtration were unsuccessful. Chocolate particles also 
interfere with accurate coliform determinations in con- 
ventional agar plate procedures. 

Selective medium. The detection and enumeration of 
coliform organisms with M-Endo-MF medium is 
facilitated by the development of colonies which exhibit 


TABLE 2 


Comparative coliform counts obtained by the membrane filter 
and by deoxycholate lactose agar plate for ice cream 
samples with no test organism added 


Colony Count 


Sample sae eee ee a 
Membrane filter aoa" lactose 
] 5 7 
2 5 8 
3 0 1 
1 0 0 
5 0 0 
6 1 0 
7 9 11 


TABLE 3 
Estimates of precision (standard deviation) for the enumeration 
of coliform organisms in vanilla ice cream by the membrane 
filter and by deoxycholate lactose agar plates* 
Colony Count Range 


0 to 11 11 to 30 





101 to 300 
| pea ie ae ions 
|D ycho- Deoxycho- | . | Deoxycho- 
Membrane | DESH: | Membrane | REO | Membrane | DEPeyshe- 
filter | aaae ilter agar ilter eae 
a es : as 
| 
21 | 3.2 5.9 3.2 3.6 12.4 
1.4 | 3.1 11.5 9.5 9.5 16.0 
5.2 | 2.2 2.3 i 12.9 14.3 
6 3.6 7.6 5.1 16.5 ai 
1.6 | 1.4 3.2 17.0 4.6 
1.2 | — 3.5 3.6 3.6 5.3 
23 4.5 2.1 1.6 5.5 12.2 
2:7 2.0 24.0 4.5 
1.0 4.7 9.3 11.3 
§.1 8.9 
Average Standard Deviation 
2.2 | 3.0 4.6 3.8 | 10.7 0.7 





*Values calculated from triplicate determinations; test 
organism, Escherichia coli strain ATCC 11229. 


a characteristic metallic sheen, whereas noncoliforms 
yield white or pink colonies. The reactions of this me- 
dium were checked by membrane filtrations and growth 
of a series of 22 known cultures. The cultures investi- 
gated included Escherichia coli strain K-12 (Tatum and 
Lederberg, 1947) and strain ATCC 11229, Aerobacter 
aerogenes strain NRRL 199, Alcaligenes viscosus (A. 
viscolactis) strain ATCC 9036, Bacterium cadaveris 
(Clostridium cadaveris) strain ATCC 9760, Sarcina 
lutea strain ATCC 9341, and Micrococcus pyogenes var. 
aureus (Staphylococcus aureus) ATCC strain 6538. The 
remaining cultures were obtained from our own culture 
collection. In all instances, a positive correlation existed 
between the production of gas from lactose broth and 
the development of colonies with sheen on the mem- 
brane filter. 

Method quantitation. Following the demonstration of 
the desired selectivity of M-Endo-MF broth, the quan- 
titative comparison of the new technique with con- 
ventional coliform counting methods was studied. Table 
1 shows comparative counts on the membrane filter, 
deoxycholate lactose agar, and violet red bile agar for 
12 coliform strains prepared at 10’ dilutions of liquid 


TABLE 4 


Correlation between coliform counts obtained by the membrane 
filter and by deoxycholate lactose agar plates for 
vanilla ice cream* 





Colony Count 











—- A/B X 100 
Membrane filter A ——— lactose 
pears eiouies is ovis 

5 6 83 

184 171 108 

26 26 100 

5 | 7 71 

190 | 163 117 

20 23 87 

5 8 63 

188 175 107 

25 25 | 100 

6 4 | 86 

210 160 | 131 

24 25 96 

125 155 81 

7 18 | 39 

136 165 82 

15 18 | 83 

120 129 | 93 

5 10 50 

129 | 110 117 

16 | 13 123 

148 138 107 

12 12 100 

154 | 98 157 

14 | 12 117 

Pas oy Scie ac 96 





* Test organism, Escherichia coli strain ATCC 11229. 
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cultures. In addition, coliform counts were determined 
by filter counting and by plate counting on a series of 
ice cream samples as received from retail sources. These 
counts are presented in table 2. These pure culture 
counts and ice cream counts were taken as preliminary 
evidence of good agreement between 
counting methods, and a more thorough study of 
method precision and correlation was conducted. 
Aliquots of vanilla ice cream, with appropriate num- 
bers of Escherichia coli strain ATCC 11229 added, were 
employed as test samples. Estimates of method pre- 
cision were obtained by calculation of standard devia- 
tions for triplicate values and correlation estimates 
were obtained from membrane _filter:deoxycholate 
plate ratios. Standard deviations for different count 
ranges are shown in table 3. It is evident from these 


reasonably 


TABLE 5 
Correlation between celiform counts obtained by the membrane 
filter and by deoxycholate lactose agar plates 
for vanilla ice cream* 


Colony Count 


ia iain aaa mama a aa a = A/B X 100 
Membrane filter A ees 5 | lactose 
| 
161 134 120 
22 15 147 
200 144 139 
29 21 138 
168 173 97 
17 19 89 
200 184 109 
23 20 115 
Ny ae aan 119 


* Test organism, Escherichia coli strain C09. 


TABLE 6 


Correlation between coliform counts obtained by the membrane 
filter and by deoxycholate lactose agar plates 
for vanilla ice cream* 





Colony Count 








ee = A/B X 100 
Membrane filter A weer) lactose 
255 | 176 144 
24 21 114 
262 166 158 
19 15 127 
301 181 166 
31 23 135 
278 115 242 
33 32 103 











| Se eee A 149 


* Test organism, Escherichia coli strain K12. 
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results that the precision obtainable by membr:ine 
filtration counting is similar to the precision of stand:rd 
deoxycholate lactose agar plate methods. Correlation 
data for the two methods are shown in tables 4 tu 6, 
Each table presents data for a different test organi<m. 
The recovery of coliform organisms from vanilla ice 
cream by the membrane filter procedure is at least as 
good as the deoxycholate lactose agar plate method. 
Greater recoveries in the case of Escherichia coli strains 
K-12 and C09 have been attributed to the difficulty of 
counting small (0.5 mm diameter) colonies in agar in the 
presence of suspended ice cream solids. 

Following the determination of coliform recoveries 
from vanilla ice cream, it was considered desirable to 
investigate certain flavor additives as variables in re- 
covery experiments. Data on comparative counts for 
coconut, peach, and strawberry ice cream are shown in 
table 7. These data indicated that recoveries by the 
filter procedure for these ice cream types were as high 
as those obtained by the agar plate method. 


SUMMARY 


Membrane filtration in conjunction with the use of 
dilute wetting agent has provided a direct one day 
method for the enumeration of true coliform bacteria 
in ice cream. The method eliminates interference from 
sucrose and consequent false-positive reactions. Previ- 


TABLE 7 


Correlation between coliform counts obtained by the membrane 
filter and by deoxycholate lactose agar plates 
for different flavored ice creams* 


Colony Count 











Ice Cream Flavor unre —| A/B X 100 
Membrane | Deoxycholate 
filter A lactose agar B | 
Coconut 203 195 104 
25 27 93 
236 129 183 
21 13 161 
Prec cere bomen a ee 137 
Peach 141 127 111 
18 18 100 
180 180 | 100 
16 19 84 
OS rales chim gad awe 99 
Strawberry 136 150 | 91 
17 17 100 
175 108 | = 162 
| 18 15 120 
Avg TTC ee TTL | 118 








* Test organism, Escherichia coli strain ATCC 11229. 
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ously these false reactions could be overcome only 
through time-consuming isolation and _ identification 
procedures. 
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There has been a well recognized need for a simple 
but rapid method of decontaminating areas as large as 
laboratories or animal rooms following their contamina- 
tion by accidents or even routine virological procedures. 
Formaldehyde has been used almost exclusively as the 
gaseous disinfectant of choice for the decontamination 
of large enclosures contaminated with pathogenic micro- 
organisms (Phillips, 1957). Despite its disadvantages, 
that is persistency and slow activity, a suitable substi- 
tute for formaldehyde was lacking until Hoffman and 
Warshowsky (1958) demonstrated the disinfectant 
properties of 8-propiolactone (BPL) vapor. However, 
these authors described only the bactericidal and sporo- 
cidal properties of the chemical agent. LoGrippo and 
Hartman (1955), investigating vaccine production, 
found that low concentrations of BPL inactivated 
aqueous suspensions of viruses without concomitant 
loss in antigenicity. Hartman et al. (1954) have shown 
that low concentrations of BPL effectively inactivated 
the Columbia S.K. and M.M. viruses as well as the 
vesicular stomatitis (New Jersey type), lymphocytic 
choriomeningitis, Eastern equine encephalomyelitis, 
and St. Louis encephalitis viruses in whole blood and 
blood plasma. However, no data have been published 
concerning the virucidal activity of BPL vapor. For 
this reason, there has been a hesitancy to employ this 
chemical to decontaminate large enclosed surface areas 
contaminated with pathogenic viruses. 

This paper describes the results of an investigation 


‘The opinions contained herein are those of the authors 
and not necessarily those of the naval service at large. 


to determine the efficacy of BPL vapor against Vene- 
zuelan equine encephalomyelitis virus (VEE). 


MATERIALS AND METHODS 

The effectiveness of BPL vapor was evaluated by 
determining its activity against VEE when placed on 
cloth and paper patches. 

Preparation of virus seed. In the preparation of the 
virus seed, 11-day-old embryonated chick eggs were 
inoculated allantoically with 0.25 ml of 10-fold dilutions 
of a master seed of the virus. The eggs were incubated 
37 C for 18 hr after which they were candled and the 
dead eggs discarded. The surviving eggs were candled 
at hourly intervals thereafter. Typical hemorrhagic 
embryos were harvested at the peak death period (22 
to 24 hr). The embryos were homogenized in a chilled 
Waring Blendor with sufficient cold beef heart infusion 
broth (BHIB)? to produce a 10, per cent embryo sus- 
pension. The suspension was then centrifuged at 2000 
rpm for 15 min at 4 C in an International refrigerated 
centrifuge. The supernatant fluid was ampouled, 
rapidly frozen in a Dry Ice-alcohol bath and stored in a 
Dry Ice chest. 

Methods. The effectiveness of the BPL vapor was 
determined by measuring its activity against the virus 
on cotton herringbone twill patches and Chemical Corps 
type 5 filter paper (a low resistance aerosol filter paper 
consisting of cellulose and asbestos fibers supported by 
a cotton scrim). The 5¢-in. diameter cotton patches were 


oo 


a 


2 Difco Laboratories, Detroit, Michigan. 
3 International Equipment Company, Boston, Massachu- 
setts. 
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treated with virus by the direct application of 0.2 ml of 
the 10 per cent chick embryo seed. Subsequent treat- 
ment with BPL followed immediately while the patches 
were wet. Each patch was found to contain 10° mouse 
intraperitoneal (IP) LDs50 of virus. The 19-in. squares 
of Chemical Corps type 5 filter paper were attached to 
a wire screen by means of paper clips and contaminated 
with ‘“dried”’ virus in a modified Henderson apparatus 
(Henderson, 1952) by exposure for 30 min to an aerosol 
of 1:60 dilution of the virus seed containing 0.01 per 
cent Dow-Corning Antifoam A.* The virus seed 
was aerosolized by means of a Collison atomizer.® 
Henderson (1952) reported that such atomizers produce 
aerosols with droplet diameters 90 per cent of which are 
less than 10 yu. Droplets of this size become dry in 0.012 
sec upon atomizing into an atmosphere having a rela- 
tive humidity of 75 per cent. For this reason, aerosolized 
virus will be referred to as “dried” virus in this paper. 
The filter paper patches contaminated in this manner 
were each found to contain 10* mouse intracerebral 
(IC) LDso of virus. 

Virus contaminated patches were exposed to the BPL 
vapor in the same Henderson apparatus. The contami- 
nated cloth patches were suspended on pinboards, 
whereas the filter paper patches were suspended on a 
wire screen using paper clips. A freshly prepared 30 
per cent aqueous BPL solution was aerosolized for 5 
min, also by the Collison atomizer, using an air flow of 
8 L per min. (A temperature of 26 + 1 C and a relative 
humidity of 90 per cent was maintained in all experi- 
ments.) Since BPL is reported most active at high 
relative humidities (Hoffman and Warshowsky, 1958), 
aqueous solutions of the chemical were disseminated to 
insure a high atmospheric moisture content. 

Following the initial BPL aerosolization period, the 
patches were left in contact with the vapor for an addi- 
tional 10 or 25 min, after which individual patches 

4 Dow-Corning Corporation, Midland, Michigan. 

5 §. Blickman Inc., Weehawken, New Jersey. 


TABLE 1 
Virucidal activity of B-propiolactone (BPL) vapor* on 
Venezuelan equine encephalomyelitis virus 








BPL Treated 





as , hs | Exposure Virus Titer t, - 
Type Patch BPL Conc | Time (per Patch) bony ater} 
mg/L air min 

Cotton 2.35 30 6.77 0 
2.05 15 8.4 0 
4.20 5 8.3 0 

Paper 2.00 15 4.5 0 
2.05 15 4.0 0 


* At 26 C; 90 per cent relative humidity. 

+ Titrated in 12 to 14 g mice and expressed as logi. Wet 
virus preparation titrated intraperitoneally in mice. Aero- 
solized (dried) virus preparation titrated intracerebrally in 
mice. 
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were placed into 9-ml dilution blanks of BHIB and 
shaken. Ten-fold dilutions were then made and aliquots 
inoculated into 12 to 14 g Swiss-Webster albino mice.‘ 
Titrations were carried out using the IC route for the 
virus recovered from the filter paper patches and the IP 
route for virus recovered from the cotton patches. 

Experimental controls consisted of (a) inoculated 
patches, not exposed to the BPL vapor, but held for 
the same length of time as the treated patches; and 
(b) uninoculated patches exposed to the BPL vapor. 
All patches were placed into BHIB dilution blanks, 
and aliquots thereof inoculated simultaneously into 
the test animals. The mice were observed for a period 
of 10 days after inoculation. The LDs59 titer was calcu- 
lated using the method of Reed and Muench (1938). 

Chemical analysis. The procedure for determining 
the BPL content of air was developed by the B. F. 
Goodrich Company under contract to the Chemical 
Corps. The procedure consists of drawing a measured 
volume of air through a Vigreaux bubbler’ containing 
1:1 aqueous solution of 20 per cent (w/v) hydroxylamine 
hydrochloride and 20 per cent (w/v) sodium hy- 
droxide. The BPL reacts with the hydroxylamine to 
form a hydroxyamic acid. Six ml of a 10 per cent (w/v) 
solution of ferric chloride in 6 N hydrochloric acid were 
subsequently added to the bubbler. The optical density 
of the resulting color complex was determined at 500 
my using a Coleman spectrophotometer® and the values 
obtained converted to mg of BPL per L of air by means 
of a predetermined curve. 


RESULTS 

The effect of BPL vapor on VEE virus is shown in 
table 1. With a concentration of 2 to 4 mg of BPL per 
L of air, a relative humidity of 90 per cent and a tem- 
perature of 26 C, as many as 10* minimal intraperitoneal 
LDso of virus can be inactivated within 15 min. The 
results were unequivocal for both wet and aerosolized 
“dried” virus. Animals inoculated with aliquots of 
dilution blanks containing BPL control patches ex- 
hibited no toxic symptoms. 


DIscussIoNn 


There has been some reluctance to accept BPL as a 
replacement for formaldehyde to disinfect large en- 
closed areas, since the vapor had not been tested against 
pathogenic viruses. Recently, however, this compound 
in solutions has been shown by Hartman et al. (1954) 
and LoGrippo and Hartman (1955), to be effective as 
a virus inactivator. The present paper shows that the 
gaseous BPL effectively inactivated VEE virus on 
porous surfaces treated not only with high titered, wet 
virus suspensions, but also with aerosolized, ‘‘dried” 
virus particles. Thus the BPL vapor is effective against 


6 Fort Detrick strain. 
7 Fisher Scientific Co., Silver Spring, Maryland. 
8 Coleman Instruments, Inc., Maywood, Illinois. 
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VIRUCIDAL ACTIVITY 


VEE virus, under the same atmospheric conditions 
that have been shown to kill bacterial spores. No 
attempt was made to determine the absolute rate of 
inactivation so that it cannot be said whether or not 
as high a concentration as that reeommended for bac- 
terial spores was required. Hoffman and Warshowsky 
(1958) indicated that BPL acts as an alkylating agent, 
of which class the best known examples used as dis- 
infectants are ethylene oxide and formaldehyde. This 
class of disinfectants has been shown to be virucidal as 
well as bactericidal and sporocidal. There was reason 
to expect that the same would be true of BPL. It was 
true against the one virus tested, and similiar tests are 
planned for other viruses. On the basis of these results, 
it is recommended that BPL be considered in preference 
to formaldehyde as a gaseous disinfectant because it is 
highly effective, rapid, and much less persistent than 
formaldehyde. 
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SUMMARY 

Data are presented which show that a 15-min ex- 
posure to a concentration of 2 to 4 mg of 8-propiolactone 
per L of air inactivated as much as 10° mouse intra- 
peritoneal LD5o of Venezuelan equine encephalomyelitis 
virus per 5¢-in. diameter surface. These preliminary data 
suggest that BPL might be used as a replacement for 
formaldehyde as a gaseous disinfectant for the routine 
decontamination of large enclosed areas contaminated 
with viruses. This compound has been shown to be 
highly effective and rapid in action. 
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The use of mutagens to produce strains with desired 
characteristics including increased biosynthetic ca- 
pacity is an established part of industrial research 
(Stauffer and Backus, 1954; Dulaney, 1955; Backus 
and Stauffer, 1955). Publications indicate that much of 
this work has been done with ionizing and nonionizing 
radiation. 

The mutagenic effect of mustard gas for Drosophila 
spp. (Auerbach e¢ al., 1947) and the usefulness of micro- 
organisms for scoring mutations has led to increased 
study of chemicals as mutagens (Lederberg, 1948; 
Auerbach, 1951; Boyland, 1954; [yer and Szybalski, 
1958; Mashima and Ikeda, 1958). Among the most 
mutagenic chemical compounds are §-chloroethyla- 
mines and sulfides, that is, nitrogen and sulfur 
mustards. 

In our search for superior chemical mutagens for use 
in making improved strains of industrially important 
microorganisms, a series of nitrogen mustards was 
tested. These studies are reported herein. 


MATERIALS AND METHODS 


The mutation scored in this study was the reversal 
of a thiamin requirement in a strain of Penicillium 
chrysogenum. This deficiency was induced by ultra- 
violet light. Conclusive experiments showed the re- 
quirement for thiamin could be reversed by ultraviolet 
light and that the frequency of natural reversion was 
quite low. The parent culture of the thiamin deficient 
mutant was a good penicillin producer. It was obtained 
after extensive and successive mutation and selection 
for penicillin synthesis. 

The following method was used to test for muta- 
genicity of the compounds. Spores were washed with 
distilled water from 7-day-old slant cultures on maximal 
medium (detailed below). The aqueous spore suspen- 
sion was filtered through sterile glass wool and 10 ml 
pipetted accurately into each of two 125-ml glass 
stoppered flasks containing 400 mg of NaHCO. As the 
hydrochloride, or infrequently the hydrobromide, of 
the nitrogen mustard was used, the NaHCO; served to 
release the free amine. A weighed amount of crystalline 
nitrogen mustard equivalent to approximately 0.001 mM 
concentration was added to one flask. The other flask 
served as the control. After being shaken intermittently 
for 10 min, each flask received 40 ml of sterile decon- 
taminating solution. The decontaminating solution 


contained 600 mg of glycine and 700 mg of NaHCO, 
per L of distilled water. After an additional 10 min, the 
spore suspensions were diluted and plated. Suspensions 
from both the treated and control flask were plated on 
maximal and minimal medium. In all instances, 0.5 
ml of spore suspension was spread over each plate. Thus, 
the number of spores treated, the per cent survival 
following treatment, and the frequency of natural-and 
induced reversion could be calculated. The frequency 
of natural reversion was scored in each experiment. 

Compounds that were mutagenic on the first test 
were retested several times at 0.001 m, 0.002 Mm, and 
0.003 M concentration. In addition, the mutagenically 
active compounds were tested by periodic addition of 
0.001 m concentration at 10-min intervals. 

The minimal medium contained the following: 
glucose, 5 g; (NH4)2HPOx,, 4 g; KsHPO,, 1 g; MgSO,;- 
7H.0, 0.5 g; KCl, 0.5 g; FeSO,-7H.O, 0.01 g; ZnSO, 
7H,0, 0.01 g; and Difco! agar, 25 g; in 1 L of distilled 
water. The maximal medium was prepared by adding 
to the minimal medium 1 g of Casamino Acids, 1 g of 
yeast nucleic acid, and 10 ml of vitamin solution. 
The vitamin solution supplied the following, per ml: 
riboflavin, 1 yg; nicotinamide, 1 ug; p-aminobenzoic 
acid, 0.1 ug; pyridoxine, 0.5 yg; thiamin, 0.5 ug; 
biotin, 0.002 ug; calcium pantothenate, 2 ug; choline 
chloride, 2 ug; inositol, 4 wg; and vitamin By, 1 yg. In 
addition, contamination was controlled by adding | ml 
of antibiotic solution to each plate before pouring the 
medium (Dulaney et al., 1955). The plates were scored 
after 5 days of incubation at 28 C. 


RESULTS AND DiscusSION 


The compounds that were tested for mutagenic 
activity are listed in table 1. The mutagenic compounds 
with the survival data and frequency of induced re- 
version, obtained in this initial test, are summarized in 
table 2. The first six compounds listed in table 2 were 
retested extensively at several concentrations. The 
data from these retests are compiled in table 3. The 
mutagenicity of ultraviolet light is included for com- 
parison. 

The bis(8-chloroethyl)amine was not mutagenic. 
Jensen et al. (1951) also found it to be nonmutagenic. 
Of more interest is the lack of mutagenicity found here 


1 Difeo Laboratories, Inc., Detroit, Michigan. 
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of methyl{bis(8-chloroethyl)|amine and the muta- 
genicity of methyl|bis(8-bromoethyl])|amine. The muta- 
genic effect of the former compound is well documented 
(Roegner et al., 1954); although it has been reported 
also as not significantly active in reverting two amino 
acid requirements in Streptomyces griseoflavus (Mashima 
and Ikeda, 1958). It is puzzling that the bromo com- 
pound is active and the chloro derivative is inactive as 
a mutagen. 

The most interesting results were obtained with 
the n-propyl-, n-butyl-, and n-amyl[bis(8-chloroethyl)] 
amines. These three compounds were extremely muta- 
genic and the n-butyl and n-amyl derivatives had a 
corresponding low lethality. Thus it appears that 
mutagenic and lethal effects can be separated partially. 
Addition of an a-chloro and a y-phenyl to the n-propyl 
markedly reduced the mutagenicity, and the 2-chloro- 
n-propyl compound was not mutagenic at all. 

Marked increases in length of the alkyl group re- 
sulted in inactive compounds, for example, n-penta- 


TABLE 1 


Compounds tested for mutagenic activity 


Bis(8-chloroethyl)amine- HCl 

Methyl [bis(8-chloroethy]) |Jamine- HCl 

Methyl [bis(6-bromoethy]) |amine-2HBr 

N-[bis(8-chloroethy]) |piperidinium chloride 

n-Propyl|bis(8-chloroethy]) |amine- HCl 

2-Chloro-n-propyl {bis (8-chloroethy]) |amine-HCl 

a-Chloro-n-propy] [bis (8-chloroethy]) Jamine- HCl 

y-Phenyl propyl] [bis (8-chloroethy]) Jamine-4HCl 

7-[8-Decaly]] propyl[bis(8-chloroethyl) ]amine- HCl 

n-Butyl [bis (6-chloroethy]) Jamine- HCl 

n-Amyl[bis(8-chloroethy]) |Jamine- HCl 

n-Pentadecy] [bis (8-chloroethyl) ]amine- HCl 

n-Hexadecy]|bis(8-chloroethy]) ]amine- HCl 

n-Tetradecyl[bis(8-chloroethy]) |Jamine- HCl 

Cyclohexy] [bis (8-chloroethy]1) Jamine- HCl 

o-Chlorobenzyl[bis(8-chloroethy]l) ]Jamine- HCl 

p-Nitrobenzyl [bis (8-chloroethy]) Jamine- HCl 

N,N,N’N’-[tetrakis(8-chloroethy]) Jethylenediamine:-2HCl 

n-(8-Chloroethyl-aminoethy])-N , N’-bis(6-chloroethy]) 
ethylenediamine -3HCl 

N,N’-(6-bromoethyl)-N , N-(ethyleneimmonium bromide) 
ethylenediamine 

N-(8-chloroethy]l)ethylenediamine-2HCl 

N,N’-ethyl-N , N’-8-chloroethylethylenediamine-2HCl 

3-[Bis (@-chloroethy]) |aminoethyl-4-methoxymethy]-5- 
hydroxy-6-methylpyridine-2HCl 

N,N,N’N’-[tetrakis(8-chloroethyl) ]-1,3-propylenediamine: 
2HCl 

N,N,N’N’-[tetrakis (8-chloroethy]) ]-2-chloro-1,3-propylene- 
diamine-2HCl 

N,N,N’N’-[tetrakis(8-bromoethy]) ]-1,3-propylenediamine- 
2HBr 

N-phenyl-N-ethy] (6-chloroethyl)amine- HCl 

p-Octylphenoxyethoxyethyl (8-chloroethy])amine- HCl 

Methyl [bis (2-chloropropene-2) |jamine- HCl 

Methyl [bis (2-bromo-n-propy]) ]amine- HBr 

n-Butyl [bis (3-chloro-n-propy]) Jamine- HC] 

1-Dimethylamino-2-chloropropane 
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decyl-, n-hexadecyl-, and n-tetradecyl-[bis(8-chloro- 
ethyl)|amines. However, the inactivity of these com- 
pounds may have been due to their insolubilities. 

Some compounds with other substituents on the 
nitrogen were also inactive, for example, o-chlorobenzyl- 
and p-nitrobenzyl{bis(8-chloroethy!)|amines. However, 
cyclohexyl|[bis(8-chloroethyl)|amine was quite muta- 
genic. 

An interesting mutagen is N,N,N’,N’-[tetrakis(s- 
chloroethyl)|ethylenediamine. This compound might be 
looked upon as a dimer of methyl[{bis(8-chloroethyl)]- 
amine. Thus, on splitting, two moles of the latter could 
be released. However, the methyl derivative is not mu- 
tagenic in this test system indicating the ethylenedia- 
mine does not undergo cleavage. The n-(8-chloroethyl- 
aminoethyl) -N ,N’-bis (8-chloroethyl)ethylenediamine 
is also mutagenic. This compound warrants further 
study. 

Mutagenicity is reduced in the propylene diamine 
compounds. For example, N ,N ,N’,N’-[tetrakis(8-chloro- 
ethyl)|-1,3-propylenediamine and the corresponding 
bromo derivative are listed in table 2 as being as muta- 
genic as N,N,N’, N’-[tetrakis(@-chloroethyl)]ethylene- 
diamine. However, later tests showed the latter to 
be much more mutagenic. Another related compound, 
N,N,N’, N’-[tetrakis (8-chloroethy] ) |-2-chloro-1 ,3-pro- 
pylenediamine, showed no mutagenicity. 


TABLE 2 


Mutagenic and possibly mutagenic compounds 





| 





| Mutations 
Compound Survival | _ per 107 
| | Survivors* 
Methyl |bis(8-bromoethy]) Jamine-2HBr | Oe | 12 
n-Propy][bis(8-chloroethy]) Jamine- HCl | 69.5 6 
n-Butyl [bis (6-chloroethy]) ]Jamine- HCl | 10.8 | 10 
n-Amy]l[bis(6-chloroethy]) ]Jamine- HCl | 17 | 4.4 
Cyclohexyl [bis (8-chloroethy]) Jamine- HCl | 90.1 | 16 
N,N,N’,N’-[tetrakis(@-chloroethy]) ] ° | 60 | 2.8 
ethylenediamine: 2HCl1 | | 
n-(8-Chloroethylaminoethyl)-N,N’- | 45.3 6 
bis(6-chloroethyl)ethylenediamine-3HCl | 
y-Phenylpropyl[bis(8-chloroethyl)|amine- | 79 |} 1.3 
4HCl | 
a-Chloro-n-propyl|[bis(8-chloroethy]) ] | wy | 3.3 


amine: HCl | | 
N,N,N’,N’-[tetrakis(6-chloroethyl)]-1,3- | 15.4 | 2.6 
propylenediamine-2HCl 


N,N,N’,N’-[tetrakis(6-bromoethyl)]-1,3- | 52 2.5 
propylenediamine:-2HBr | | 
N-(8-chloroethyl)ethylenediamine-2HCl | 49.3 | 0.22 
Methyl [bis (2-bromo-n-propyl)]amine-HBr | 74.1 | 0.31 
n-Butyl[bis(3-chloro-n-propy])]amine- HCl | 9 0.14 


Methyl [bis(2-chloropropane-2) ]amine-HCl | 16.6 0.19 





* Frequency of natural reversion was 3.8 in 10°. 
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The “single arm” compounds, that is, N-phenyl-N- 
ethyl(8-chloroethyl)amine and p-octylphenoxyethoxy- 
ethyl(6-chloroethyl)amine, were inactive, and N-(- 
chloroethyl)ethylenediamine had only questionable 
mutagenicity. 

Compounds with the “arm” length increased to 
three carbons and with halogen substituents at car- 
bons two and three also were of questionable muta- 
genicity, for example, methyl|bis(2-bromo-n-propy])]- 
amine, n-butyl[bis(3-chloro-n-propy])|amine, and meth- 
yl[bis(2-chloropropene-2) |amine. 

These data show clearly that certain nitrogen mus- 
tards are quite mutagenic. Such extremely reactive 
compounds probably act at various metabolic and 


TABLE 3 


Retest of most mutagenic compounds at several concentrations 
































Mutations 
Mutagen Conc Survival per 107 
Survivors 
M % 

Methyl 0.001 75.9 4.6 
[bis (8-bromoethy]) | 0.002 58.8 5.3 
amine:-2HBr 0.003 | 35.6 6.2 

0.002 (P)* 24.7 9.1 
0.003 (P) 12.7 8.4 

n-Propyl 0.001 91.4 11.1 
[bis(6-chloroethy]) ] 0.002 51.2 37 
amine- HCl 0.003 29.3 83.3 

0.002 (P) 63.4 28 
0.003 (P) 26.2 86.9 

n-Butyl 0.001 100 10.2 
[bis(6-chloroethy]) | 0.002 100 41.7 
amine- HCl 0.003 100 54.3 

0.002 (P) 100 71.4 
0.002 (P) 75 | 55.5 

n-Amyl 0.001 100 19.6 
[bis(8-chloroethy]) } 0.002 100 32.3 
amine: HCl 0.003 100 60 

0.002 (P) 100 52.6 
0.003 (P) v.2 135 

Cyclohexyl 0.001 95.7 27 
{bis (6-chloroethy]) | 0.002 95.7 17.3 
amine- HCl 0.003 84.6 24.4 

0.002 (P) 79.6 60.2 
0.003 (P) 74.9 65.3 

N,N,N’,N’- 0.001 71.4 10.8 
[tetrakis 0.002 33.6 26.7 
(6-chloroethyl) Jethyl- 0.003 rs 59.5 
enediamine-2HCl 0.002 (P) 10 50 

0.003 (P) 3 69 

Ultraviolet light 100 0.2T 

65.8 8.7 
30.6 31.1 








*(P) = by periodic addition of 0.001 M concentration. 
+ Frequency of natural reversion in this set of experiments. 
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topographical sites within cells. The precise reason(s) 
for their mutagenicity is in doubt. One probable niode 
of mutagenic action lies in the ability of the ethyl- 
enimmonium ions, formed by intramolecular cyclization, 
to alkylate various functional groups (Gilman and 
Philips, 1946). As has been pointed out in nitrogen 
mustards (Gilman and Philips, 1946), various fune- 
tional groups occupy the third valence of the nitrogen, 
These alkyl groups affect the rate of cyclization and 
yield different ethylenimmonium cations of varying 
activity. Perhaps this partially explains some of the 
above results. Boyland (1954) has discussed more 
recently the possible mechanism of mutagenicity of 
these nitrogen mustards. 

It is possible that the compounds herein tested are 
specific for the locus under test (Glover, 1956; see for 
data on such specificity). This possibility cannot be 
discounted from the data presented. However, the very 
active compounds have proved to be very mutagenic 
for other organisms in which characters other than a 
reversion of thiamin requirement were being studied. 
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SUMMARY 


Thirty-two nitrogen mustards and related com- 
pounds were tested for effectiveness of inducing re- 
version of a thiamin requirement in Penicillium 
chrysogenum. 

The most mutagenic compounds were n-propyl-, 1- 
butyl-, n-amyl-, and cyclohexyl [bis (6-chloroethy!)| 
amines and N,N,N’, N’-[tetrakis (6-chloroethy] ) Jethyl- 
enediamine. All were more mutagenic than ultra- 
violet light at roughly comparable survival levels. 

The n-butyl- and n-amyl-bis(8-chloroethyl)amines 
were quite mutagenic at concentrations which were 
not lethal. 
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Along with the present increase in the number of 
public and private swimming pools, there has been an 
increasing demand for better methods to control the 
growth of algae in swimming pools. There are a number 
of articles listing chemicals possessing toxic properties 
to algae (Fitzgerald et al., 1952; Foter et al., 1953; 
Palmer and Maloney, 1955; Greenwald, 1956; Palmer, 
1956), some of which have been found useful for algal 
control in swimming pools. This work reports on tests 
of the bactericidal and algicidal properties of some com- 
mon chemicals, both pure and commercial products, 
used to control contamination in swimming pools. An 
attempt has been made to evaluate the bactericidal 
properties of the chemicals in relation to chlorine under 
conditions approaching those in swimming pools. The 
algicidal properties of the chemicals were measured by 
determining the concentration of the chemicals re- 
quired to kill three different types of algae. These con- 
centrations were compared with the initial dosage rates 
recommended for the commercial products. From the 
results of these tests it is hoped that the problems in the 
field can be better understood and research for improved 
chemicals and their application will be stimulated. 


YVALUATION OF BACTERICIDAL PROPERTIES 


Materials and Methods 


lor these tests, Standard Methods for Examination of 
Water, Sewage, and Industrial Wastes (APHA, 1955) was 
followed for dilution, plating, incubation, and counting. 
All results reported were obtained by testing all the 


1 Present address: Hydraulic and Sanitary Laboratory, 
University of Wisconsin, Madison, Wisconsin. 


chemicals listed with one concentration of bacteria at a 
time. The tests were made at room temperatures (23 
to 26 C), with a reaction time of 1 hr. Settled raw sewage 
was used as a source of bacteria and fungi. The following 
procedure was used for each test: 

1. Contaminate water (100 ml phosphate buffer, 
pH 7.2, Standard Methods, p. 367) with settled sewage. 

2. Add test chemical to 100-ml samples of contami- 
nated water. 

3. Allow 1-hr reaction time, with frequent shaking. 

4. Transfer 1-ml samples to duplicate sterile Petri 
dishes, add 10 ml of tryptone glucose extract agar 
(Standard Methods, p. 368), and mix. (Samples with 
predicted high concentrations of bacteria were diluted 
1:50 before plating.) 

5. Incubate 24 hr at 35 C, and count colonies using a 
Quebec colony counter. 

6. Untreated controls give the number of viable bac- 
teria that should appear under’ these conditions of 
growth and sewage dilution if the test chemical is not 
bactericidal. 

Chemicals tested. The chemicals tested are listed in 
table 1 together with the manufacturer’s name and 
suggested initial and weekly dosage rate. The com- 
mercial products tested were all retail sales products 
for use in swimming pools, with the exception of 
Hyamine-2389. The Hyamine tested was a 50 per cent 
solution whereas the manufacturer suggests using a 10 
per cent solution for treatment of swimming pools. 

The exact chemical composition of all of the com- 
mercial products tested was not made available, but it 
can be stated that the active ingredients of Algae-Nox, 
Algae-Kill, and Hyamine-2389 are quaternary am- 
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monium compounds. The active ingredient of Exalgae 
is listed as an organic halide and probably can be in- 
cluded in the list of quaternary ammonium algicides. 
Berkite no. 4 is listed as a halogenated quinone. Algi- 
mycin is known only as a mixture of active ingredients. 

The source of copper for the tests was a stock copper 
solution made up as directed in Standard Methods (p. 
247). The pH of the stock solution was adjusted to pH 
7.2 to correspond to that of the bacterial dilution water. 
The concentration of copper tested, 5.0 mg per L, was 
higher than that suggested for algicidal purposes (0.5 
mg per L, Palmer, 1956) but was not out of proportion 
to the amounts of copper required for killing algae in 
recent rests. A concentration of 5 mg Cu per L is equiv- 
alent to 19.6 mg per L of commercial copper sulfate or 
blue vitriol (CuSO,-5H2O). 

The chlorine concentration in the test solutions 
was measured by means of the orthotolidine-arsenite 
method (Standard Methods, p. 72) using a Wallace and 
Tiernan Comparator.? It was found that the bacterial 
dilution water (Standard Methods, p. 262) (phosphate 
buffer, pH 7.2) alone had no chlorine demand over a 
period of 1 hr. The amount of stock chlorine solution 
added to the test solutions to give an initial concentra- 
tion of 1.0 mg per L of free available chlorine was de- 
termined before each experiment. The concentration of 
free available and total residual chlorine was then tested 
after 30 and 60 min while the tests were in progress. It 


2? Wallace and Tiernan Company, Inc., Belleville, New 


Jersey. 
TABLE 1 


Commercial algicides tested for bactericidal properties 





Suggested Dosage 
Rate* 
Algicide Source nai 
Initial | Weekly 


Great Lakes Biochemical Co.,, 5 1.25 
Inc., Milwaukee, Wisconsin 


Algimycin 


Electric Chemical Co., Cleve-| 20 5 
land, Ohio 


Algae-Nox 


Exalgae Inertol Co., Inec., Newark, | 20 5 
New Jersey 
Algae-Kill Adolph Kiefer and Co., Glen-) 5 1.25 


view, Illinois 


Hyamine-2389 | Rohm and Haas Co., Phila- 4 1 


(50%) | delphia, Pennsylvania 
Berkite no. 4 | Modern Swimming Pool Co., 5 5 
Inc., White Plains, New 
York 


* Dosage rate calculated as mg per L on an “‘as is’’ basis 
from recommended dilutions for the products. 


was found that only in the strongest inocula (22,000 to 
23,000 bacteria per ml) did the free available chlorine 
drop below 0.5 mg per L after 60 min (0.2 mg per L at 
60 min with these higher numbers of bacteria). 


Results 


Twenty tests have been made using the above tech- 
niques and the chemicals listed. Table 2 presents ihe 
data obtained from four representative experiments 
using the same source and concentration of seed for 
ach chemical tested. The results are presented as the 
average number of bacterial colonies formed in the 
control samples as compared to those in the treated 
samples, as well as the percentage inhibition of bac- 
terial growth for the treated samples. The average per- 
centage inhibition obtained in eight tests in which all 
chemicals were tested at the same time is also presented. 
As could be expected, there was more variation in 
percentage inhibition for the chemicals with lesser in- 
hibitory properties, but the relative inhibitory capacity 
of any one chemical compared with the others was 
fairly consistent. 

On the basis of the results obtained, the chemicals 
could be ranked as to their bactericidal properties in 
the order: Algimycin, chlorine, Algae-Nox, Exalgue, 
copper, Algae-Kill, Hyamine-2389, and Berkite no. 4. 
It must be pointed out, however, that these tests do 
not measure the actual bactericidal properties of the 
chemicals tested, but only of the concentrations of the 
chemicals suggested for use in swimming pools. 

In a limited number of experiments, the numbers of 
colonies appearing in the Petri dishes were recounted 
after additional 24-hr or more periods of incubation at 
35 C or at room temperatures. The results showed no 
significant change in bacterial colony numbers in any of 
the treatments, indicating that the actions of these 
chemicals was bactericidal rather than bacteriostatic. 

Further information on the nature of the action of the 
chemicals tested was obtained by comparing the num- 
bers of colonies which developed in undiluted and 
diluted (1:50) samples. Using a colony counter, a rough 
approximation of the number of colonies could be ob- 
tained in even the more dense populations, and it was 
found that these values corresponded quite well with 
the number of colonies counted in the 1:50 dilutions of 
the same sample. These results indicate, therefore, that 
the chemicals tested were killing the bacteria present, 
rather than merely inhibiting their growth. 


EVALUATION OF ALGICIDAL PROPERTIES 
Materials and Methods 
The tests reported were carried out by (a) inoculating 
with algal cells 50 ml of culture medium in 125-ml 
Erlenmeyer flasks, (b) adding the concentration of the 
chemical to be tested, (c) culturing the algae under 
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continuous light (150 ft candles) at 23 C in an algal 
culture room, and (d) making visual comparisons be- 
tween the growth of algae in untreated and treated 
cultures for as long as 30 days. 

Three species of algae were used to test the algicidal 
properties of the chemicals tested: a green alga, 
Chlorella pyrenoidosa, capable of causing water to ap- 
pear “pea soup green;” a blue-green species of Oscil- 
latoria, isolated unsuccessfully treated 
swimming pool in Fresno, California, which grows as 
black balls or mats on the bottom of culture vessels, 


from an 


b 


and another 
blue-green, a species of Phormidium, isolated from a 
pool in Milwaukee, Wisconsin, which grows on the walls 
of the culture vessel and is referred to as “Square D 
algae.”’ 

The size of inoculum in the case of C. pyrenoidosa was 
such as to give a concentration of 500,000 cells per ml 
in the inoculated medium. The inoculum used in the 


and thus is referred to as “black algae;’ 
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case of the two blue-green algae was several, barely visi- 
ble clumps per flask of inoculated medium. 

Two different media have been used. Three series of 
tests were run in Allen’s (1952) medium, a fairly con- 
centrated (178 mg N per L), neutral (pH 7) medium. 
One series of tests was run in a more dilute (21 mg N per 
L), alkaline (pH 9) medium (Fitzgerald et al., 1952). 
There was generally less growth per unit of time in the 
latter medium as compared to the more concentrated 
medium. 


Results 


Observations on the growth of the algae were re- 
corded at various times up to 30 days, but for brevity 
only the final results are reported. It was found that 
with some concentrations of chemicals there was a 
regrowth of algae in the cultures after the first 2 weeks 
following treatment, but there was little change in the 
growth of the algae between the third and fourth week. 


TABLE 2 


Effect of algicides on different concentrations of sewage bacteria 


Algicide concentrations (mg per L) tested at initial and weekly dosage rates recommended for commercial products* 
g : J 


Avg No. of Viable Bacteria Surviving Treatment and Percentage of Inhibition for Different Conc of Bacteria 


Chemical and Conc 


23,000 10,000 


’ mg/L No. % No. 

Algimycin 

5 14 99.9 0 

1.25 41 99.8 8 
Algae-Nox 

20 300 98.7 | 6 

5 4,400 80.9 560 
Exalgae 

20 1,800 92.2 11 

5 14,000 49.0 4,800 
Algae-Kill 

5 6,500 71.8 230 

1.25 7,800 66.1 1,400 
Hyamine-2389f 

dq 850 96.3 280 

1 23 ,000 0 2,200 
Berkite no. 4 

5 16,000 30.4 2,300 
Copper§ 

5 2,100 90.9 550 


Chlorine] 


1 89 99.6 12 


ump ++ 


cels/™}) Avg of 8 
—— = ee = Testst 
820 310 
— a 
o% No % No % % 
100.0 0 100.0 0 100.0 99.9 
99.9 5 99.4 1 99.7 99.8 
99.9 27 96.7 1 99.7 99.2 
94.4 78 90.5 19 93.9 91.6 
99.9 1 98.7 1 99.7 | 96.0 
52.0 140 82.9 150 51.6 71.8 
97.0 180 78.2 78 74.8 84.2 
86.0 320 60.9 190 38.7 57:2 
97.2 260 68.3 46 85.2 80.9 
78.0 520 36.6 110 64.5 41.8 
77.0 270 67.1 150 51.6 49.2 
94.5 250 69.5 22 92.9 88.1 
99.9 1 99.9 0 


100.0 99.4 


* Initial and weekly dosage rates as recommended on labels. Treatment time 1 hr at 23 to 26 C. 

+ Average percentage inhibition for 8 tests with 310, 820, 2,000, 4,000, 10,000, 10,000, 22,000, and 23,000 viable bacteria per ml. 
Hyamine-2389—50 per cent solution used at 15 recommended dosage rate for 10 per cent solution. 

Copper—5.0 mg Cu per L from standard solution, pH 7.2. 
Chlorine—1.0 mg per L, free, available Cl. (see text). 
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This algistatic effect was overcome with higher con- 
centrations and only the concentrations of chemicals 
which were algicidal, or killed the culture completely, 
are reported. The chemicals tested, the recommended 
initial and weekly dosage rate, and the concentrations 
required to kill the algae are presented in table 3. 

The concentrations of the chemicals tested varied 
from test to test since unexpectedly high concentrations 
were sometimes required to kill the algae. Only the 
tests in which all of the chemicals were tested on the 
same source and size of inoculum and at the same time 
are reported. Many additional tests have been made 
with some of the chemicals, but for brevity it is suffi- 
cient to state that all results were in the same order of 
magnitude as those reported here. 

The data indicate that there was much variability 
in the results in comparing one test with another. In 
some instances, this variability may have been due to 


TABLE 3 


Required lethal dosage rates of commercial products and copper 
for three algae tested for 30 days in 2 media 





Required Lethal Dosage Ratest 











Recommended 
Dosage* | 
Chemical and Algae | pH 7 Medium a Sl 
| Ini- \Weekly | Test 1 Test 2 | Test 3 | Test 4 
| tial | "1 | | 
| mg/L mg/L mg/L 
Algimycin 5 | 1525 
Chlorella 2 <0.5 ae te | 
Black algae 3 3 5 2 
Square D algae 3 3 21 ea 
Algae-Nox 20/5 | 
Chlorella | 7) 9°51 oe 6 
Black algae 9] 59 |} 1 9 
Square D algae 7| >9 6 6 
Exalgae 20 | 5 
Chlorella >9 10 21 <6 
Black algae >9 | >12 >zl |. 21 
Square D algae | >9 12 9| <6 
Hyamine-2389 (50%) | 4/1 
Chlorella 7 3 9 3 
Black algae Py | >i 9| <6 
Square D algae >7 7 | <6| <6 
Algae-Kill 5 | 1.25 | 
Chlorella >t 8 9 | 6 
Black algae >7 | >12 12 9 
Square D algae 7 8 <6) <6 
Berkite no. 4 5|5 
Chlorella >35 | >45 >45 | >45 
Black algae >35 | 45 35 | >45 
Square D algae 35 25 15 45 
Copper (Cu) —|— 
Chlorella 9 1 ie oe | 
Black algae >9 | >10 15 1 
Square D algae >9 5 5 5 





* Dosage rate calculated as mg per L on an “‘as is’’ basis 
from recommended dilutions for the products. 

7+ Symbols: < means equal or less than; > means more 
than. 
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different ages of inoculum. In the cases of the first 
three tests using Exalgae with black algae, and all of 
the tests using Berkite no. 4 with Chlorella, the highest 
concentrations listed initially controlled the growth of 
the algae, but after a period of time there was a re- 
growth of algae, and it had become profuse by 30 days. 
Such results indicate that to be effective these algicides 
must be added at frequent intervals, since they «ap- 
parently readily lose their effectiveness in comparison 
with the other algicides. 

In general, less chemical was required to kill the 
algae tested in the alkaline (pH 9) medium as compared 
to the neutral (pH 7) medium. These results do not 
indicate, however, that the algicides were less effective 
due to the difference in pH, since the growth rate was 
also lower in the alkaline medium. 

On the basis of the results obtained, the commercial 
algicides could be ranked as to their algicidal properties 
in relation to the recommended initial dosage rate in the 
order: Algimycin, Algae-Nox, Exalgae, Hyamine-2389, 
Algae-Kill, and Berkite no. 4. With the exception of Hya- 
mine-2389 and Algae-Kill, which reverse their positions, 
the relative algicidal properties of the commercial prod- 
ucts follow the same order found above for their bac- 
tericidal properties. Copper was required, as a rough 
average, at a concentration of about 6 mg per L, which 
corresponds to about 24 mg per L of commercial 
copper sulfate (CuSO,4-5H.O). 

Discussion 

The evaluation of the bactericidal or algicidal prop- 
erties of a chemical must take into account a number of 
factors that will be of importance in the application of 
the chemical. The organisms with which the chemical is 
tested must be representative of what may be present 
under field conditions. The conditions under which the 
chemical is used must test definite properties of the 
chemical. The chemical itself must be representative of 
those used in the field. Also, the concentrations at 
which the chemical is used should be selected so as to 
test properties of the chemical pertinent to its field 
application. 

The type of bacteria to be used in tests of this nature 
is open to question. Preuner (1957) and Robinton et al. 
(1957) have studied the bacteria found in swimming 
pools, but there is a question as to whether the bacteria 
that might be found in a swimming pool should be of as 
much concern as a source of bacteria that would be more 
apt to contain pathogens related to the human environ- 
ment. It was felt that sewage might contain most of the 
organisms found in swimming pools under the poorest 
of management procedures, as well as pathogenic organ- 
isms that would normally exist in a pool for only short 
periods, but still long enough to contaminate bathers in 
close contact. 

The concentrations of bacteria tested were such as to 
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indicate the highest concentration that could be con- 
trolled by the different chemicals. These concentrations 
appear to be considerably higher than those found in 
swimming pools, but were required to differentiate be- 
tween the more effective bactericidal chemicals tested. 

In obtaining chemicals for testing, an attempt was 
made to get representative types of chemicals. Palmer 
(1956) has mentioned the active ingredients of most of 
the algicides used at present. Unfortunately, the com- 
mercial products tested did not represent all the 
possible active ingredients, but it was felt that those 
tested were quite representative of the majority of the 
chemicals in use. 

In measuring the bactericidal properties of the chem- 
icals tested, only those concentrations of chemicals 
that were recommended for application to swimming 
pools were reported. No attempt was made to study the 
general bactericidal properties of these chemicals since 
their main function in pools was to control the growth of 
algae. 

The length of time bactericidal tests should be run 
would depend upon the purpose of the tests. In the 
case Of swimming pools, the organisms present would be 
subjected to the chemicals added until the chemicals 
had been inactivated or adsorbed out of solution, such 
as through a pool filter. It was felt that 1-hr treatment 
would allow enough time for slowly absorbed chemicals 
to be effective and might be representative of the length 
of time some of the chemicals would stay in solution in 
a pool. However, no data on the length of time the toxic 
ingredients of the chemicals might be active were avail- 
able to the author. 

In the case of chlorine as a bactericide, it is well 
known that to be effective chlorine must be maintained 
at a high free residual concentration (1.0 mg per L) 
(Butterfield, 1948; Friberg, 1957; Robinton et al., 
1957). In the tests reported here, an initial concentra- 
tion of 1.0 mg per L free available chlorine was used, 
and, except for the two highest concentrations of bac- 
teria, the concentration of free available chlorine at 
the end of the treatment period (60 min, about 24 C) 
was at least 0.5 mg per L. Thus, the tests were run under 
conditions such as might prevail in a swimming pool 
with a maintained free, available chlorine concentra- 
tion of between 0.5 and 1.0 mg per L. With these con- 
ditions as a standard, the results obtained with the 
other chemicals can be compared to the actual bac- 
tericidal properties of chlorine under operating 
conditions in a swimming pool. 

It has been pointed out that the initial and weekly 
dosage rates of Algimycin were more effective as bac- 
tericides than was chlorine under the conditions of 
these tests. This fact would be of prime importance in a 
situation where it was very difficult to maintain a free 
chlorine residual. 

The other algicides could be ranked as previously de- 
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scribed, with copper (5 mg Cu per L) being intermediate 
to the others. The results of the tests with copper were 
as expected. Watson and Bollen (1952) reviewed the 
toxicity of copper to microorganisms and found that 
varied results could be obtained depending upon the 
species of bacteria present and the physical conditions 
of the tests. In the present tests, with a large number of 
different bacteria present, it is understandable that 5 
mg per L of copper might inhibit almost 90 per cent of 
the population. However, it is not recommended at such 
a high concentration for use in swimming pools. 

The toxicity of quaternary ammonium compounds to 
bacteria has been investigated by several authors. 
Chambers et al. (1955), Cousins and Clegg (1956), and 
Guenther and Sproessig (1956) found that the hard- 
ness of the water will affect the bactericidal properties 
of quarternary ammonium compounds. This would be 
of prime importance in making recommendations for 
the use of these compounds in different parts of the 
country. Anderson and Yackovich (1955) found that 
quaternary ammonium compounds were more bac- 
tericidal than bacteriostatic, as was found in the present 
report. In general, the use of quaternary ammonium 
compounds in swimming pools for the control of algae 
will aid in the control of the bacteria present. 

Several authors have pointed out that the amount of 
chemical necessary to kill algae is dependent upon the 
species of algae present (Fitzgerald et al., 1952; Jung, 
1952a,b; Foter et al., 1953; Palmer and Maloney, 1955; 
Palmer, 1956). The selection of algae used in the tests 
reported here was made, therefore, to include species of 
algae that could be expected to contaminate swimming 
pools. Chlorella was included as a representative of the 
unicellular green algal species that might appear. The 
growth of blue-green algae in swimming pools has been 
reported by Bussy (1950), but the species he mentioned 
(Entophysalis rivularis) was not closely related to the 
blue-green algae used in the present study. However, 
the species of Osciilatoria and Phormidium, referred to 
as black algae and Square D algae, had been found to 
be very resistant to previous algicidal treatments and, 
because they were isolated from different parts of the 
country, were considered to be representative of blue- 
green algae which might contaminate pools. Of the 
algae tested it would appear that the Oscillatoria species 
from California, black algae, was the most resistant to 
any of the chemicals tested, but could be controlled 
with sufficiently high concentrations of the chemicals. 

The data presented indicate that there were differ- 
ences in the algicidal properties of the chemicals tested 
in relation to the recommended initial dosage rates. 
Thus, to kill the algae under the conditions of these 
tests the chemicals could be ranked approximately as 
to the proportion of the recommended initial dosage 
rate. For instance, approximately 0.5 the recommended 
initial dosage rate, or 2.5 mg per L, of Algimycin was 
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required, whereas about 7 times the recommended 
initial dosage rate, or 35 mg per L, of Berkite no. 4 was 
required for algae control. It must be emphasized, how- 
ever, that under normal conditions these chemicals 
are added to pools at frequent intervals and not as one 
shot applications. Thus, by either increasing the dosage 
rates or adding the chemicals at frequent intervals, 
algal growths could probably be controlled by any of 
these chemicals. 

As in the case of testing the bactericidal properties 
of chemicals, the effectiveness of a treatment will de- 
pend upon the amount of algae present. Therefore, the 
amount of algicide for the intitial dose should be enough 
to kill all the algae present in the pool and additional 
treatments should be made to maintain control of the 
algae. If the concentration of algae in the pool builds 
up between algicide treatments, it can be assumed that 
either a higher initial dosage rate or more frequent ap- 
plications must be used. 

The type of active ingredients used in algicides for 

swimming pools will influence the amount of the chem- 
ical necessary for initial algae control and the frequency 
of application. In the case of a quinone-type chemical, 
2 ,3-dichloronaphthoquinone, it was found that, if 
enough chemical had not been added to completely 
eliminate the algae present in a small lake, within 48 
hr the concentration of algae present had returned to 
its original level (Fitzgerald and Skoog, 1954). Thus, 
this type of compound appears to have little “‘holding”’ 
or algistatic properties, whereas it was shown to have 
excellent selective algicidal properties. In contrast, 
Bussy (1950) reported that one type of quaternary 
ammonium compound kept a pool free of algae, but 
had little effect when algae were already present. He 
also found that there was a tendency for resistant algae 
to develop in a pool treated with another quaternary 
ammonium compound. This was also reported to be the 
ease in Holland by Jung (1952a). Jakob and Nisbet 
(1953) found that there was more than one threshold 
value for toxicity of quaternary ammonium compounds 
to algae, above and below which the algae were capable 
of normal development. This situation was not ob- 
served, however, in the tests reported here. 

The amount of copper that was required to kill the 
algae used is considerably higher than that recom- 
mended by several authors (McIntyre, 1949; Jackson, 
1951; Palmer, 1956; Mackenthun, 1958), but was 
within the range suggested by Jung (1952b). Such high 
concentrations may have harmful effects on the bathers 
or their clothes (Jung, 1952a; Koch, 1952). Since copper 
is readily precipitated from solution under certain 
conditions, frequent applications with lower concentra- 
tions may be found to be effective. McIntyre (1949) 
suggests treating swimming pools alternately with 
copper and chlorine to prevent the growth of algae that 
might develop resistance to either chemical with 
continuous treatment. 


7 


The general results of the tests reported here and by 
other authors have been that the chemicals used in 
swimming pools for the control: of algae display bae- 
tericidal as well as algicidal properties. The importaiice 
of the bactericidal properties of these chemicals should 
not be underemphasized, since they could maintain 
bacterial control under circumstances where a {ree 
chlorine residual could not be kept on a 24 hr basis. 

The present tests have dealt essentially with the 
algicidal properties of the chemicals tested. Chemicals 
with algistatic properties, however, may be of equal 
importance. The control of algal growths must be con- 
tinuous, since algae enter the pools at all times. Thus, 
treatments with an effective algicide are necessary to 
kill the existing population of algae, but there must «also 
be some algicide available at all times to kill the algae 
entering the pool after the initial treatment. The length 
of time between the additions of an algicide will depend 
upon how long it is available in sufficiently high concen- 
trations. If a chemical is removed by oxidation or ab- 
sorption by the pool filter, it must be added more 
frequently than one that forms a more stable solution. 
At present there appear to be no data available on the 
comparative effective life of the various chemicals in 
swimming pools. As an alternative to maintaining the 
concentration of algicide in the pool, it might be useful 
to investigate the use of algistatic chemicals to control 
the growth of algae between treatments with an algici- 
dal chemical. 


SUMMARY 


The bactericidal properties of the recommended ini- 
tial and weekly concentrations of six commercial 
algicides have been tested using sewage bacteria. The 
results were compared with those obtained with 1.0 mg 
per L free, available chlorine and 5.0 mg per L copper 
under the same conditions. On the basis of the results 
obtained, the chemicals could be ranked as to their 
bactericidal properties in the order: Algimycin, chlorine, 
Algae-Nox, Exalgae, copper, Algae-Kill, Hyamine- 
2389, and Berkite no. 4. The algicidal properties of the 
six commercial products and copper were determined 
with three species of algae in two different media. In 
these tests the amount of chemical required to kill the 
algae was determined. In relation to the recom- 
mended initial dosage rates, the commercial products 
could be ranked: Algimycin, Algae-Nox, Exalgae, 
Hyamine-2389, Algae-Kill, and Berkite no. 4. 
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The production of microbial amylases has been re- 
viewed by Underkofler (1954), Hoogerheide (1954), 
Forbath (1957), Underkofler et al. (1958), Prescott and 
Dunn (1959), and others. Fungal amylase production by 
submerged culture methods has been described by the 
foregoing and by scientists such as Le Mense and associ- 
ates (1947), Adams and co-workers (1947), Erb and 
collaborators (1948), Tsuchiya et al. (1950), members of 
the U. S. Department of Agriculture (1950), Shu and 
Blackwood (1951), and Shu (1952). Bacterial amylase 
production by submerged culture methods has also been 
described by a number of researchers, including Im- 
henekii and Solnteva (1944), Terui and Fugiwara 
(1948), Smythe and associates (1950), Hoogerheide and 
Laughery (1951), and Nakanishi and Murata (1953). 

In the studies described herein, submerged amylase 
production was carried out with three different micro- 
organisms: Aspergillus niger strain NRRL 337, Bacillus 
subtilis strain NRRL B-941, and Bacillus polymyxa 
strain NRRL B-372. The mold and bacterial studies 
are reported separately in view of the different methods 
used. 


FuNGAL AMYLASE PRODUCTION 
Methods and Equipment 


All of the fungal studies, with the exception of one, 
were carried out with A. niger strain NRRL 337, using 
500-ml Erlenmeyer flasks, each containing 100 ml of 
medium and incubated at 30 C ona rotary shaker (New 
Brunswick Scientific model VS)* set to rotate at 240 
rpm. 

The mold was cultivated in a medium containing 
glucose, 2.5 g; glycerol, 2.5 g; yeast extract (Difco),’ 
0.5 g; and agar (Difco), 1.5 g; in 100 ml of distilled 
water (Tsuchiya et al., 1950). The inoculum for each 


1 Presented at Division of Agricultural and Food Chemistry, 
Fermentation Subdivision, Symposium on Industrial Enzymes, 
134th Meeting, American Chemical Society, Chicago, Illinois, 
September, 1958. 

2 Contribution no. 323 from the Department of Food Tech- 
nology. 

3 Present address: University of Tokyo, Japan. (See Ya- 
mada, 1958.) 

4 Present address: Carace 521, Montevideo, Uruguay. (See 
Mas Urioste, 1957.) 

5 Present address: 200 Cabrini Blvd., New York, New York. 

6 New Brunswick Scientific Company, New Brunswick, 
New Jersey. 

7 Difco Laboratories, Inc., Detroit, Michigan. 
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500-ml flask consisted of 2 loopfuls of spores from the 
mold grown for 3 days on a slant of this medium at 
30 C. 

Dextrinogenic amylase activity was measured in the 
following manner: 20 ml of a 2 per cent soluble starch 
solution and 2 ml of an acetate buffer at pH 4.8 were 
placed into a 100-ml Erlenmeyer flask. Two ml of the 
filtered production medium broth at 30 C were added 
and all of the ingredients were mixed. Samples were 
taken at specified intervals and permitted to react with 
1 ml of 0.1 N iodine and 0.1 N potassium iodide solution 
at 30 C. The time in min required for the color of the 
hydrolyzed starch solution mixture to match a red- 
brown dextrin-iodine color was measured and recorded. 
This procedure differs from the standard method 
described by Sandstedt et al. (1939). 

Saccharogenic activity was measured by determining 
the amount of reducing sugars produced during 30 min 
in 2 ml of the test solution used to determine dextrino- 
genic amylase activity. The reducing sugars were deter- 
mined by the modified Somogyi method (Somogyi, 
1945). The activity was reported as follows: 


mg of reducing sugar 


Activit , = Rit. 
, mg starch (calculated as glucose) 


xX 100 





The basal synthetic medium used contained 2 per 
cent corn starch (Swansdown),* 0.2 per cent ammonium 
nitrate, 0.1 per cent sodium phosphate (dibasic), and 
0.05 per cent magnesium sulfate heptahydrate. Gener- 
ally 1 to 2 g of calcium carbonate per 100 ml medium 
was added after 24 hr of fermentation. 


Results and Discussion 


A series of experiments was conducted with A. niger 
strain NRRL 337 using the basal medium with the 
addition of calcium phytate and various nitrogen 
sources. The results of these experiments are sum- 
marized in table 1 and indicate that 0.3 per cent wheat 
germ and calcium phytate gave the highest yields of 
dextrinogenic and saccharogenic amylase activities. The 
use of wheat derivatives has been previously recom- 
mended (Fukimbara, 1950; Murota et al., 1954). 
Phytic acid derivatives occur quite commonly in wheat 
products. 

An effort was then made to determine if inositol plus 
phosphate could be used to replace the phytic acid. The 


8 Available at food stores. 
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results of a typical series of experiments are shown in 
table 2. It may be seen that inositol did not replace 
phytic acid. 
A number of vitamins, such as thiamin, riboflavin, 
TABLE 1 
Comparison of the effects of various nitrogen sources and 


phytic acid on the amylase activity of Aspergillus 


niger 
| ites | a gs 
Source of Nitrogen* Phytic Acid j|bation| pH | ce ie 
Period Se | Revie 
| | Activity | Activityt 
days | min 
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biotin, niacin, pyridoxal, cobalamin, pantothenic acid, 
and folic acid, were added to the medium to determine 
whether they affected amylolytic activity. None of these 
vitamins, with the possible exception of thiamin and 
pantothenic acid, produced dextrinogenic and _sac- 
charogenic amylase activities higher than those ob- 
tained with controls containing no added vitamins or 
phytic acid. Each vitamin was also added to a basal 
medium containing added phytic acid, but none pro- 
duced amylase activity greater than that observed in the 
phytic acid control. In the cases of thiamin and panto- 
thenic acid, the saccharogenic amylase activity was 
slightly higher than that of the control containing no 


























! onium nitrate | Not added| 2 | 5.5 30 12 
cians 3 15.5 sa 0.65 added vitamins, but it did not approach the value ob- 
4 15.5} >30 | 0 tained in the presence of phytic acid. 
5 | 5.0) >30 ‘ In an effort to ascertain whether or not the phytic 
Ammonium nitrate | Addedt 2 | ee 4 | 25.3 
3 5.5 2 | 29.9 
4 z 3 19.5 TABLE 2 
5 | 5.5 - - Comparison of the effects of inositol plus phosphate 
Yeast extract Not added| 2 | 7.5 >30 1.1 and phytic acid on amylase activity by Aspergillus 
oS a5 14 2.3 niger 
4 7.5 15 3.3 ” —— ae ye = pe = 
; 5 7.5 9 4.7 | Incu- | Dextrino- Saccharo- | ‘oni 
Peptone (Difco) Not added| 2 | 6.5| >30 hes Medium hetion | wm | gbtee | setae | Per 10 MI 
3 5.5 >30 1.4 | | Activity | Activity* | (Dry Wt) 
4 15.5 19 2.3 arene eee | : 
5 5.5 14 5.2 | hr | min | 
Distiller’s dried sol-| Not added | 2 | 5.5 | 16 5.6 Basal medium only| 40 | 6.0 29 13 | 80 
ubles (Nadrisol) 3 | 5.0 8 6.6 64 | 6.0 28 £7 | 85 
4 5.5 12 7.8 88 | 5.5 27 0.8 | 50 
5 | 5.5 9 | 9.3 | 
Wheat germ 0.3% | Not added| 1 | 3.0| >32 et Basal medium plus | 40 6.0 29 13 | 70 
(Kretschmer) 2 | 5.5 | 8 6.9 inositol plus | 64 | 6.0 18 0 | 85 
3 — | 16 3.6 NasHPO, | 88 5.5 27 0 | 75 
——— A ee a | | 
* Each ingredient used in a 0.5 per cent concentration, Basal medium plus | 40 | 4.0 | 10 5.8 | 75 
except for wheat germ. phytie acid 64 | 526 8 8.3 | 60 
+ Activity equals mg of reducing sugar (multiplied by 100) | 88 | 5.0 5 9.2 | a7 
divided by mg of starch (calculated as glucose). . = ae bs 
t Added in 0.05 per cent concentration. * See footnote table 1. 
TABLE 3 
Comparison of amylase activity by different molds, with and without added phytic acid 
| | Dextrino- | ‘ o Mg of Myce- 
Molds Phytic Acid* tanete | pH | Penn | “imlase 10M a cos 
| | Activity | * y (Dry Wt) 
| days min | % 
Aspergillus oryzae | Not added 2 6.0 | 18 | Le 45 31.2 
| 3 55 | @ | Bt | 45 43.7 
Added 2 6.0 | 2 | 21.1 110 98.9 
3 70 | 38 | 26.8 115 98.1 
Aspergillus awamori Not added 2 5.0 | 18 | 1.9 50 72.5 
3 5.5 | 33 | 1.3 35 92.9 
Added 2 6.0 | 10 | 85 125 98.9 
3 7.0 | 5 | 18.7 99 97.4 
Rhizopus javanicus Not added 2 5.0 | 32 | 0.4 50 70.3 
3 5.0 | 33 | 0.6 —_ 62.2 
Added 2 5.0 32 | 0 32 74.8 
3 a | @& | 2 — 99.0 
| 


* Added in 0.01 per cent amounts. 
{ See footnote table 1. 
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acid was capable of increasing the amylase activity of 


other fungi, research was carried out with three other 
amylase-producing molds. The results obtained with 
these microbes, Aspergillus oryzae strain NRRL 458 
(Tsuchiya et al., 1950), Aspergillus awamori var. 
fumeus, and Rhizopus javanicus var. kawasakiensis,* 
are summarized in table 3. It may be observed that 
phytic acid increased the amylase activity in each case. 

An investigation of the effects of various sugars (as 
carbon sources) on the amylase activity of A. niger 
strain NRRL 337 with and without the addition of 0.01 
per cent calcium phytate was also made. A standard 


9 This mold is used industrially in Japan. It was obtained 
from the stock collection of the University of Tokyo. 


TABLE 4 
Comparison of the effects of various sugars, with and 
without added calcium phytate, on the amylase 
activity of Aspergillus niger 


Dextrino- | Saccharo- 


Monosaccharide Calcium Incu- genic genic 
al Pavan ireried| | Angier | Arie 
7 days min 
Glucose Not added 2 5.8 >30 0.4 
3 5.5 >30 0 
4 5.5 >30 1.5 
5 5.5 >30 2.1 
Added 2 6.0 15 9.6 
3 6.5 5 16.8 
4 7.0 4 18.9 
5 7.0 1 19.1 
Fructose Not added 2 5.5 >30 0.4 
3 5.5 >30 0.6 
4 §.5 >30 0.6 
5 5.5 >30 0.3 
Added 2 6.0 >30 2% 
3 7.0 9 7.1 
4 7.2 6 8.8 
5 7.0 6 9.7 
Mannose Not added 2 5.5 >30 0 
3 5.5 >30 0.2 
1 5.5 >30 0.4 
5 5.5 >30 0.8 
Added 2 6.0 >30 ae | 
<4 7.0 13 3.7 
4 7.0 6 8.9 
5 7.0 5 10.3 
Galactose Not added 2 6.0 >30 0.2 
3 5.5 >30 0 
4 5.5 >30 0 
5 5.5 >30 _ 
Added 2 5.5 20 - Taf 
3 5.5 19 3.3 
4 5.5 19 2.5 
5 5 i.2 


5.5 >30 


* Two per cent of sugar was added to a basal medium con- 
taining 0.5 per cent NH;NOs;, 0.1 per cent NasHPOg,, 0.05 per 
cent KCl, and 0.05 per cent MgSO,-7H.,0. Initial pH (before 
sterilization), 5.0. 

7 Added in 0.01 per cent amounts. 

t See footnote table 1. 
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basal medium was utilized to which was added a 2 jer 
cent concentration of a mono- and disaccharide. ‘|! he 
results obtained with glucose, fructose, mannose, sid 
galactose are shown in table 4, and indicate that in the 
absence of phytic acid there was very little or no dex- 
trinogenic or saccharogenic activity produced. The pro- 
duction of amylase activity in media containing 
hexoses as the carbon source and calcium phytate may 
be ranked in the following descending order of effective- 


ness: 
glucose > (fructose = mannose) > galactose 


Several disaccharides were also metabolized by A: 
niger and the results are summarized in table 5. There 
Was no significant production of dextrinogenic or s:e- 
charogenic amylase activity when the sugars were used 
in the absence of added phytic acid, and there was iio 
discernible production of amylase activity even in the 
presence of phytic acid when lactose was the source of 
carbon. Maltose appeared to be a slightly better carbon 
source than sucrose in respect to amylase activity. 

Studies were also conducted on the utilizaton of un- 
cooked starch as a carbon source. A summary of the 
results of a typical experiment is given in table 6. The 
basal medium contained 0.2 per cent NH4NQOs, 0.3 per 
cent Casamino Acids (Difco), 0.1 per cent NasHPO,, 


TABLE 5 
Comparison of the effects of some disaccharides, with 
and without added calcium phytate, on the amylase 
activity of Aspergillus niger 


Dextrino- | Saccharo- 


Disaccharides Calcium Phytatet bation so | | 
Period Activity | Activity? 
days min 

Maltose Not added 2 5.5 >30 1.08 
3 5.5 >30 0.43 
5 5.0 >30 3.68 
Added 2 5.6 9 16.70 
3 7.0 3 21.70 
5 fe 4 20.83 
Sucrose Not added 2 5.6 >30 0.86 
3 5.6 >30 0.99 
5 5.6 >32 3.47 
Added 2 6.0 21 4.77 
3 7.0 5 14.53 
5 i.3 6 15.97 
Lactose Not added 2 6.0 >30 0.86 
3 6.8 >30 0.21 

5 6.5 >30 0 

Added 2 5.5 >30 
3 5.8 >30 0 
5 5.5 >30 0 


* Added in 2 per cent amount to basal medium which con 
tained 0.5 per cent NH,NOs, 0.1 per cent NasHPO,, 0.05 per 
cent KCl, and 0.05 per cent MgSO;-7H.O. Initial pH (before 
sterilizing), 5.0. 

+ Added in 0.01 per cent amounts. 

t See footnote table 1. 











195 


0.0. 
dis' 
anit 
at 
100 
flas 
adc 
wh 
337 
ma 
duc 
the 
I 
phy 
sid 
anc 
sub 
pro 
sou 
and 


Bas: 
st: 


Bass 
st: 


Basa 


ph 


| 


per ¢ 
pere 


7 





~I 


ere 
1C- 
ed 

no 
the 
of 


On 


in- 
the 
“he 
per 
Oy, 


irO- 


ase 


tv; 


0 
(0) 


1) 


con 
per 
fore 











1959] PRODUCTION OF AMYLOLYTIC ENZYMES 215 


0.05 per cent KCl, and 0.05 per cent MgSO,-7H.O in 
distilled water. The medium was sterilized by steam, 
and, where indicated, 1 g of uncooked starch, irradiated 
at 150,000 rep!’ by cobalt®® gamma rays, was added per 
100 ml of medium. One g of CaCOx3 was added to each 
flask after 24 hr, and calcium phytate and glucose were 
added at levels of 0.5 and 1.0 per cent, respectively, 
when used. The mold used was A. niger strain NRRL 
337. In the presence of phytic acid, uncooked starch 
may be utilized as a carbon source for amylase pro- 
duction, but amylase activity was somewhat higher in 
the presence of added glucose. 

In summary, it may be stated that the addition of 
phytic acid or calcium phytate to synthetic media con- 
siderably enhanced the production of both dextrinogenic 
and saccharogenic amylase activities by A. niger in 
submerged culture. The phytate molecule stimulated 
production of amylolytic enzymes from various carbon 
sources, including both cooked and uncooked starches 
and several mono- and disaccharides. 


One rep = 93 ergs of energy absorbed per g. 


TABLE 6 


Comparison of the effects of uncooked starch, with and 
without added glucose and/or calcium phytate, on the 
amylase activity of Aspergillus niger 


Incuba- Dextrino- Saccharogenic 
Medium* tion pH Pons ol Amylase 
Period Activity Activityt 
days min 
Basal plus uncooked l 6.0 >33 0 
starch 2 7.0 >30 0 
3 7.5 >30 0 
} 7.2 >30 0.42 
5 7.0 >30 0 
6 7.3 >30 1.27 
Basal plus uncooked 1 6.5 >33 0.42 
starch plus Ca phy 2 7.0 >30 0.85 
tate 3 7.5 29 1.27 
$ 7.5 29 1.70 
5 7.5 12 1.70 
6 1.0 12 2.34 
Basal plus uncooked l 4.5 >33 0 
starch plus glucose 2 5.8 >30 0 
3 5.5 >30 0 
} 6.5 >30 1.06 
5 7.0 6 9.78 
6 7.5 >30 0.85 
Basal plus uncooked 1 5.0 12 3.82 
starch plus glucose 2 6.7 30 1.27 
plus Ca phytate 3 7.0 3 16.16 
} 7.2 3 19.14 
5 7.5 2 18.72 
6 7.3 4 19.14 


*The basal medium contained 0.2 per cent NH4NO;, 0.3 
per cent Casamino Acids (Difco), 0.1 per cent NasHPO,, 0.05 
per cent KCl, and 0.05 per cent MgSO,-7H.0 in distilled water. 

+ See footnote table 1. 


BacTEeRIAL AMYLASE PRODUCTION 
Methods and Equipment 


Two organisms were used in the bacterial amylase 
studies: B. subtilis strain NRRL B-941 for dextrinogenic 
amylase; and B. polymyxa strain NRRL B-372, thesame 
as N. R. Smiths’ no. 354 (Kneen and Beckord, 1946), 
for saccharogenic activity. Surface culture studies were 
conducted with (a) 350-ml portions of media in 1000-ml 
Erlenmeyer flasks, each of which was equipped with a 
sampler (Beckord et al., 1946); or, (b) 100-ml portions 
of media in 250-ml Erlenmeyer flasks. All of the shake- 
flask studies were carried out with 100-ml portions of 
media in 500-ml Erlenmeyer flasks which were incu- 
bated on a rotary shaker at 290 rpm (model VS). Pilot- 
plant studies were carried out in a 50-gal fermentor, 
which was equipped with automatic pH control (Fuld 
and Dunn, 1958). 

Cultures were carried on nutrient agar slants (Difco). 
The B. subtilis inoculum was prepared in inoculating 
flasks containing diluted production medium with a 
spore suspension of the test organism and incubating 
them for 24 hr on the shake table. The B. polymyzxa 
inoculum was prepared by inoculating two loopfuls of 
spore-containing bacteria from a slant culture into 100 
ml of nutrient broth in a shake flask and incubating for 
24 hr. Most of the studies with these organisms were 
carried out at 30 C. 

The basal medium for the B. subtilis study was, 
generally, dried distiller’s solubles. The basal medium 
for B. polymyxa was essentially that described by Lulla 
(1951) and contained the following ingredients in the 
amounts indicated: 


g/L 
2415S) 0 a eters ees tar cove, Oe 
ee ee a oe aerate 
PROT G5. fora) otc e cent ace: a geereone Sip cesteverestare ee 
EN EES ae eee ee eee eer Pores abit OE 
MgSO,-7H.O............. ne satan ee 
MnSO2-4O)). 6.00 cance. ce errr i 
oo oy) re Pert cieh ; 0.001 


Distilled water to 1 L 


Various carbon and/or nitrogen sources were added 
to this basal medium. 

Dextrinogenic amylase activity was determined by 
the following procedure: 20 ml of a buffered 1 per cent 
soluble starch solution (pH 6.0) was added to a 50-ml 
Erlenmeyer flask, together with sufficient water to 
make a final volume of 30 ml after the sample was 
added. The flask was held at 30 + 0.01 C. When 
equilibrium was reached, the sample containing the 
enzymes was added. One-ml aliquots were taken at 
specified time intervals and mixed with 5 ml of dilute 
iodine solution and the time to approach a red-brown 
color was ascertained. An arbitrary unit for dex- 
trinogenic activity was established by one of the authors 
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(J. M.) in which the dextrinizing units per ml = 
100/TV, wherein T is the time in min and V is the 
volume of the sample in ml. 

Saccharogenic enzyme activity was determined by 
adding 2 ml of broth to 20 ml of a soluble starch solution 
of known concentration, allowing reaction to take place 
for 30 min at 30 C, and determining the reducing sugars 
by the Somogyi (1945) method. 


Results and Discussion 


When B. subtilis strain NRRL B-941 was grown in 
surface culture in a medium containing 5 per cent of 
dried distiller’s solubles, the maximal dextrinogenic 
amylase activity was obtained after a fermentation 
period of 100 to 120 hr and averaged 14.5 dextrinization 
units per ml. Similarly, it was found, under identical 
surface culture conditions, that maximal dextrinogenic 
amylase activity was about 40 per cent higher at 30 C 
than at 37 C, although growth was faster at the latter 
temperature. There was poor dextrinogenic amylase ac- 
tivity at 20 C and no growth at 59 C. Under submerged 
culture conditions, the dextrinogenic amylase activity 
at 30 C was about 140 per cent greater than that at 
37 C. 

Using identical media, the yield by the surface culture 
method with a medium depth of 1.5 em was 38 units 
per ml, whereas the yield by the submerged culture 
method was 40 units per ml after 97 hr. Thus, at an 
optimal area: volume ratio (Beckord et al., 1946), there 
seemed to be no essential differences in yields by the 
surface and submerged culture methods. 

Various nonsynthetic media were used for production 
in submerged culture. The best media, in order of effi- 
ciency, were distiller’s solubles plus yeast extract; corn 


TABLE 7 

Effect of the composition of the medium on detrinogenic 
amylase production by Bacillus subtilis strain 

NRRL B-941 


Dextrinizing 
Units per MI after 


Medium Incubation for 
72 Hr* 

[OSES DSSS Dc) Se a 4.9 
Cottonseed meal, 8%................... +e 17.2 
Soybean meal, 8%.............. eeekats 14.7 
Distiller’s solubles, 8%. . 5 eae os ; 37 
Distiller’s solubles, 4%, plus yeast extract, 4%... 52 
Linseed meal, 4%, plus distiller’s solubles, 4%. . . 24 
Linseed meal, 4%, plus yeast extract, 4%...... 11.9 
Yeast extract, 8%.... re FRU ce ed 25 
Peanut meal, 8%..... Sos a eee 1.83 
Peanut meal, 4%, plus linseed meal, 4%......... “i | 
Peanut meal, 4%, plus yeast extract, 4%...... 27 
Corn steep liquor, 25%............. paces 542 4.9 
Corn steep liquor, 12%, plus distiller’s solubles, 

Soi: al ECE SEPSIS ott ele Soe a oe 42 





* Inoculum size, 5 per cent by volume. 
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steep liquor plus distiller’s solubles; distiller’s solubles; 
peanut meal plus yeast extract; yeast extract; linseed 
meal plus distiller’s solubles; cottonseed meal; and soy- 
bean meal. Data obtained during the study are suin- 
marized in table 7. 

Variation of the initial pH of the medium in the range 
of pH 5.0 to 8.5 had no appreciable effect on the final 
yield of dextrinogenic amylase. This finding is in agree- 
ment with the claims of a recent patent (Hoogerheide 
and Laughery, 1951). 

Variation of the size of the inoculum within the range 
of 0.1 to 3 per cent (25 to 750 million bacteria per 100 g 
of medium) likewise showed no significant effect on 
dextrinogenic amylase yield. At inoculum levels of over 
5 per cent, there was a slight, but not significant, de- 
crease in the yield. This finding is in agreement with 
published reports concerning the surface culture use of 
B. subtilis (Beckord et al., 1945). 

It was found that the addition of various minerals, 
such as dibasic potassium phosphate, and/or a mixture 
of calcium chloride, sodium chloride, magnesium sulfate, 
manganese sulfate, and ferrous sulfate, did not affect 
yields of the dextrinogenic amylase produced in a 
distiller’s solubles medium under submerged culture 
conditions. This fact is in agreement with the findings 
of others in respect to surface culture investigations 
(Beckord et al., 1946; Lulla, 1951). 

A study of the effect of phytic acid on the production 
of dextrinogenic amylase by B. subtilis in natural and 
synthetic media was undertaken. The synthetic medium 
used was essentially that employed for the studies with 
B. polymyxa. The results are summarized in table 8. 

The addition of calcium phytate in amounts of 0.075 
per cent or less to a basal medium containing 12 per 


TABLE 8 
Effect of calcium phytate on the submerged culture 
production of dextrinogenic amylase by Bacillus 





subtilis 
Dextrinizing Activity, 
Units per Ml, with 
Medium* Fermentation at: 
50 Hr 72 Hr 
12% DS | @ | 46 
12% DS + 0.015% ph | 20 | 47 
12% DS + 0.075% ph 22 48 
12% DS + 0.225% ph 19.2 59 
12% DS + 0.375% ph 18.8 | 73 
SB 0.1 isd 
SB + 0.015% ph 1.9 2.9 
SB + 0.075% ph 2.1 2.9 
SB + 0.15% ph 2.2 2.9 
SB + 0.225% ph 2.5 3.3 
SB + 0.375% ph 2.4 | 2.4 
* Abbreviations: DS = distiller’s solubles; ph = calcium 


phytate; and SB = synthetic basal medium. 








195) 


cell 
trin 
of 0 
res} 
dur 
I 
tion 
tiv 
pre y 
A 
gal 
of d 
in t 
whi 
sist 
h 
per 
max 
per 
to 8 
not 
per 
max 
curr 
the 
hr. 
44h 
pH. 
was 
dror 
peril 
conc 
subti 
A 
B. 
sour 
com 
to il 
usin 
salts 
to b 
was 








ane 
final 
yree- 


1eide 


ange 
100 g 
t on 
over 
, de- 
with 
se of 


erals, 
xture 
lfate, 
uffect 
in a 
ilture 
dings 
itions 


iction 
i] and 
adium 
s with 
e 8. 

0.075 


[2 per 


tivity, 
wit 
1 at: 


73 


3.3 
2.7 


“. 


calcium 











1959] 


cet of distiller’s solubles did not enhance the dex- 
trinizing activity of B. subtilis in 50 hr, but the addition 
of 0.225 and 0.375 per cent amounts of caleium phytate, 
respectively, caused a significant increase in activity 
during a period of 72 hr. 

In the case of the synthetic basal medium, the addi- 
tion of calcium phytate increased the dextrinizing ac- 
tivity, but the activity was low in comparison with that 
produced in media containing distiller’s solubles. 

A number of experiments were carried out in a 50- 
gal fermentor, using a medium containing 12 per cent 
of distiller’s solubles. The inoculum for 150 L of medium 
in the fermentor was 2 L of a culture of B. subtilis 
which was propagated in shake flasks in a medium con- 
sisting of 4 per cent of distiller’s solubles. 

In the first experiment, with an aeration rate of 34 ft 
per hr (cu ft of air per sq ft of surface area per hr), the 
maximal production of dextrinizing amylase (55 units 
per ml) occurred at 39.5 hr and when the pH had risen 
to 8.05. In the second experiment, in which the pH was 
not controlled and in which the aeration rate was 45 ft 
per hr for the first 47 hr and 90 ft per hr thereafter, the 
maximal production of amylase (50 units per ml) oc- 
curred after 48 hr at a pH of 7.8. In a third experiment, 
the pH was controlled at 7.7 between the 44th and 63rd 
hr. The initial pH of the medium was 6.4. At the end of 
44 hr, the dextrinizing activity was 28 units per ml and 
pH control was initiated. After 63 hr, the control of pH 
was discontinued and the dextrinizing activity had 
dropped to 20 units per ml. Thus, this preliminary ex- 
periment indicated that holding the pH at 7.7 was not 
conducive to good yields of dextrinizing activity by B. 
subtilis strain NRRL B-941 under the conditions used. 

A limited number of experiments were carried out with 
B. polymyxa strain NRRL B-372. Three nitrogen 
sources, ammonium nitrate, urea, and asparagine, were 
compared at different concentrations for their abilities 
to increase the saccharogenic activity of B. polymyxa, 
using 5 per cent starch as the carbon source and the 
salts listed earlier. The best nitrogen source was found 
to be asparagine and the most effective concentration 
was 0.33 per cent. 


TABLE 9 
Effect of calcium phytate on the submerged culture 
production of saccharogenic activity in synthetic 


media by Bacillus polymyxa* 





Amount of Calcium Phytate Added Saccharogenic Activity (Approx) 





0.0 4 
0.1 16 
0.2 17 
0.5 15 
1.0 16 





* Results obtained after 125 hr fermentations. 
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The effects of the volume of the inoculum on sac- 
charogenic activity was studied. A 5 per cent inoculum 
was found to be superior to both a 2 and 10 per cent 
inoculum. 

The effects of various concentrations of calcium 
phytate on the production of saccharogenic activity in 
media containing the basal salts, 0.33 per cent as- 
paragine, and 5 per cent starch were investigated and the 
results are summarized in table 9. It may be observed 
that calcium phytate markedly increased the sac- 
charogenic activity of the basal production medium and 
that a concentration of calcium phytate greater than 
0.2 per cent did not appear to enhance the results. 
Details of these studies have been published (Casey, 
1958). 


SUMMARY 


Calcium phytate and phytic acid, when added to 
synthetic and nonsynthetic media, increased the pro- 
duction of dextrinogenic and saccharogenic amylase ac- 
tivity by Aspergillus niger strain NRRL 337 under sub- 
merged culture conditions. When added to synthetic 
media, calcium phytate brought about similar results 
when glucose, fructose, mannose, sucrose, or maltose 
was the sole source of carbon. 

Wheat germ, in the absence of added calcium phytate 
or phytic acid, produced higher amylase activity than a 
number of other nutrient sources. 

Yields of dextrinogenic amylase by Bacillus subtilis 
strain NRRL B-941 appeared to be as high by sub- 
merged culture as by surface culture methods and were 
independent of inoculum size in the range of 0.1 to 3.0 
per cent and of initial pH in the range of 5.5 to 8.4. 
Calcium phytate in low concentrations increased the 
yields of dextrinogenic amylase in natural and synthetic 
media. 

Bacillus polymyxa strain NRRL B-372 was studied 
in synthetic media. The best nitrogen source for optimal 
saccharogenic activity was found to be asparagine at a 
concentration of 0.33 per cent; the best level of inoculum 
was found to be 5 per cent. Phytic acid significantly 
improved the saccharogenic activity in a synthetic 
medium. 
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Civilization has progressed at a rate corresponding to 
man’s ability to find and employ new and more extensive 
sources of energy. Although we are standing on the 
threshold of a new era characterized by a potential 
supply of energy far surpassing that available in the 
past, namely nuclear power, our present technology is 
built around the discovery, production, transportation, 
and utilization of fossil fuels, coal, petroleum, and 
natural gas. 

Recently, however, much has been written to show 
that the abundance of man’s known resources of eco- 
nomical energy is not as great as his predicted energy 
demands (Ayres and Scarlott, 1952; Putnam, 1953; 
Furnas, 1954; Meiers, 1956). After the fossil fuels are 
exhausted, the most abundant potential sources of 
energy are nuclear fission and nuclear fusion, and solar 
energy. Although certainly not as soon as with fossil 
fuels, the supply of raw materials for nuclear fission 
will eventually become exhausted. However, the nonre- 
newable feature of fission energy is not the major prob- 
lem with nuclear fission but rather the disposal of radio- 
active wastes. According to Post (1957), radioactive 
fission products equal to those produced by 200,000 
atomic bombs would have to be cared for if present 
needs for energy in the United States were met by 
fission reactors. Hopes for finding an inexpensive and 
yet adequate method of disposal for such wastes are 
exceedingly dim at present. Should fusion power be- 
come available, it promises to solve the earth’s energy 
problems for many thousands of years. Approximately 
8 years of intensive research have failed to reveal any 
fundamental obstacle to the ultimate success of nuclear 
fusion, but neither have they brought forth any proven 
technique for power production (Spitzer, 1958). Should 
fusion power prove unattainable for some reason un- 
known at present, or should its cost prove to be more 
than we can optimistically hope, processes involving 
solar energy will be the only remaining alternative. 

ach year solar energy equal to more than 25,000 
times the world’s present annual power demand im- 
pinges upon the earth’s surface. However, researchers 
have struggled for 100 years with but rare success in 
seeking some economical method for fixing solar 
energy. The inability of most of the solar energy systems 
to meet the requirements for the economical production 
of power apparently stems from certain disadvantages 


characteristic of solar energy, chief of which are: (a) 
intermittency of the supply of energy; (b) the low 
concentration of energy; (¢) its limited utility in the 
available form; and (d) the problem of storage. Within 
the past few years hypothetical systems have been 
proposed, which if workable would eliminate these dis- 
advantages (Burlew, 1953; Meiers, 1956). The systems, 
as proposed, would involve the transformation of solar 
energy into the cellular energy of minute algal plants; 
the cellular energy of the algae would in turn be con- 
verted to the chemical energy of methane through the 
anaerobic fermentation of algae by bacteria. The 
methane could either be burned in a gas turbine-gener- 
ator system to produce electricity or, through suitable 
vatalytic processes, converted to hydrocarbon fuel. 

The establishment of the process of transforming solar 
energy to methane by the digestion of algae as a source 
of energy was made a reality with the development in 
our laboratory of a workable process for growing algae 
on the end products of algal methane fermentation. The 
process which is presently in operation may be sum- 
marized as follows. Organic wastes enter an oxygenation 
chamber containing a mixed culture of algae and bac- 
teria where they are decomposed by aerobic bacteria to 
‘carbon dioxide, ammonia, and other nutrients. To- 
gether with light, these decomposition products furnish 
the raw material for algal photosynthesis, with the 
result that light energy is fixed in algal cells. The algae 
are then concentrated and introduced into a digester 
where they undergo methane fermentation. As the 
methane, carbon dioxide, ammonia, and other gases are 
produced, they are removed from the generator and are 
passed into a collector unit where the carbon dioxide 
and ammonia are again available for photosynthesis; 
while the supernatant liquor and incompletely digested 
solids are added to the algal-bacterial culture for which 
they serve as nutrient. Thus, the elements of organic 
matter are repeatedly broken down and resynthesized. 
The net effect is that the diffuse energy of light is con- 
verted to the high energy of methane. 

Although the system as described above does not in- 
volve any new biological processes, its operation as an 
integrated unit constituting a closed nutritional system 
has never been reported previously and, consequently, 
many unknown factors required investigation. It was 
essential to demonstate that integration of the digestion 
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and of the oxygenation (aerobic-bacterial algal) phases 
in a continuous energy conversion system is operable 
and to show that algae would grow in sludge super- 
natant. Inasmuch as previous work had shown that the 
breakdown of algal cell material is incomplete in di- 
gestion (Golueke ef al., 1957), it was necessary to 
demonstrate that the breakdown would be completed 
either in the oxygenation chamber or in the collector 
unit, so that a sustained build-up of inert organic ma- 
terial would not occur. Determinations of the net pro- 
duction of methane from such a system, as well as of 
the photosynthetic efficiency in the collection unit and 
in the over-all procedure, were required for arriving at 
conclusions as to the potentialities of the system. 


MATERIAL AND METHODS 


An apparatus designed to make possible the trans- 
formation of light energy to the chemical energy of 
methane in a completely closed system was set up in 
our laboratory approximately 2 years ago. It consisted 
of three principal parts: an algal growth unit (oxygena- 
tion chamber), an “activated sludge” unit (aerobic- 
bacterial growth unit), and a digester. Each part is con- 
nected to the other by suitable tubing and accessories in 
the manner indicated in figure 1. The temperature of the 
culture in the algal growth unit was maintained at 
26 to 27 C; in the digester at 45 C; while the ‘activated 
sludge” unit was kept at room temperature, 18 to 25 C. 
The algal growth unit was illuminated by a bank of 
nine 30-watt “warm-white’ fluorescent lamps. Light 
intensity at the face of the growth unit varied from 
1820 ft candles at the brightest point to 450 ft candles 
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at the darkest point. The total amount of energy av:il- 
able to the culture was 121,000 calories per day. 

The daily procedure in operating the sections of ‘he 
unit involved the following steps, each performed in 
the order given: Step 1 An aliquot of algal suspension 
was withdrawn from the algal growth unit and ceniri- 
fuged in 100-ml Goetz tubes at 500 X g for 10 min. The 
packed volume of the concentrate was noted and 
recorded, and the supernatant was decanted and 
reserved. Step 2: An aliquot was then removed from 
the digester. Step 3: The algal solids were added to the 
digester, after they had been diluted with a part of 
the reserved algal culture supernatant to a volume 
equal to that of the aliquot removed from the digester 
in step 2. Step 4: A sample equivalent in volume to 
that of the aliquot from the digester was removed from 
the ‘“‘activated-sludge” unit. Step 5: The aliquot from 
the digester was added to the ‘“‘activated-sludge”’ unit. 
Step 6: The sample obtained from the “activated- 
sludge” unit was diluted with the remainder of the 
supernatant of the aliquot from the algal culture and 
was then added to the algal growth unit. The size of 
the aliquots removed from each of the units was de- 
termined by the length of the detention period at 
which the unit was operating. For example, when the 
algal growth unit was operating on a 6-day detention 
period, the aliquot removed was equal to one sixth of 
the volume of the culture. The “activated-sludge” 
unit was discontinued on the 110th day, and during 
the remainder of the study the digesting sludge was 
added directly to the growth unit together with the 
supernatant obtained from the growth unit. The entire 
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Figure 1. Schematic drawing of the energy conversion unit 
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exchange of materials was accomplished in all units with 
the admission of very little, if any, outside gas by 
simultaneously opening both the inlet and sampling 
ports so that, as the feed entered the top of the unit, 
an equivalent amount was being withdrawn from the 
bottom of the unit. Gas pressures in the units were 
affected by the removal and admission of liquids in 
such a manner that no direct contact with the outside 
atmosphere was necessary. 

Daily gas production was determined _ adjusting 
the telescoping tube in the gas collector so that the 
inside and outside levels of the mercury were identical, 
and then reading the graduation on the tube. The gas 
pressure in the unit was kept at approximately at- 
mospheric pressure by the counterweight attached to 
the telescoping tube. After recording the volume of 
the gas produced, it was wasted as often as was neces- 
sary. Occasional analyses to determine the composition 
of the gas were made by depressing the telescoping tube 
and expelling the escaping gas into a Fisher! gas 
analyzer. The gas was analyzed directly for carbon 
dioxide and methane; hydrogen and nitrogen and other 
gases were determined by difference. Although it 
would have been advantageous to burn the methane 
produced by the digester and to return the resulting 
carbon dioxide to the converter, this was not done 
because of the danger of an explosion. 

Production of algae was judged on the basis of the 
packed volume of the algal cells obtained by centri- 
fuging the algal suspension. Determinations of total 
and of volatile suspended solids were made from time 
to time to relate packed volume and dry weight. The 
experimental design precluded regular determinations 
of dry weights of solids, inasmuch as such determina- 
tions would have resulted in the reduction and conse- 
quent loss of solids from the system. On the average, i 
was found that a packed volume of 5 ml per 100 ml of 
culture corresponded to a total suspended solids con- 
centration of approximately 3 g dry weight per L or a 
volatile suspended solids concentration of 2.7 g per L. 
This relationship between packed volume and dry 
weight changed but little with variations in relative 
amounts of algal and nonalgal solids concentration. 
The efficiency of light energy conversion was deter- 
mined according to Oswald’s method (Oswald, 1957), 
in which the energy content of the culture, as deter- 
mined by its heat of combustion, is divided by the 
amount of light energy absorbed by the culture. 

Performance of the digester was judged solely on the 
basis of gas production per unit of volatile matter 
introduced into it. Total gas production, as measured 
in the gas collector, was a function not only of the per- 
formance of the digester, but also of that of the growth 
unit and of the bearcrigeersec unit. The methane 
content of the gas was a valid indicator of the activity 
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of the digester, inasmuch as the digester was the only 
source of the methane. The amount of carbon dioxide 
produced by the digester was estimated on the basis 
of the per cent methane and the actual amount of gas 
produced, as the ratio of methane to carbon dioxide 
production is known to be relatively constant within 
the range 2:1 (Golueke et al., 1957). Having deter- 
mined the amount of gas wadiond by the digester, it 
was possible to estimate the amount of gas produced 
per unit of volatile matter introduced by relating the 
volume of gas produced to the amount of volatile 
matter fed the digester. The amount of volatile matter 
present in the aliquot of algae fed the digester each day 
could be estimated from the packed volume of the algal 
sample. Determination of the volatile solids of the 
sludge from the digester could not be made because it 
was required as nutrient for the algal growth unit, and 
hence no mass-balance could be formulated. However, 
by comparing average solids fed to the digester with 
the volume and composition of the gas produced, it 
was possible to arrive at an approximation of the 
volatile matter reduced and the gas produced per unit 
weight of volatile matter introduced. 

The algal growth unit was operated on a detention 
period of 4 days for the first 20 days; of 5 days until 
the 70th day; of 6 days until the 280th day; and of 
519 days until the termination of the experiment. 
The “‘activated-sludge”’ unit and the digester were each 
operated on a 20-day detention period. 

Because preliminary experiments had demonstrated 
the advisability of beginning a run with a high concen- 
tration of algae, the starting culture in the algal growth 
unit was formed by adding centrifuged algae from 
existing outdoor pond cultures to 1 L of raw sewage 
until a concentration of algae equivalent to a packed 
volume of 5.5 ml per 100 ml of suspension was at- 
tained (3.4 g per L). The same preliminary experiment 
also demonstrated the need for a functioning digester 
at the beginning of the run; therefore, 500 ml of digest- 
ing algal sludge obtained from a digester which had 
been fed algae exclusively over a period of 2 years was 
added to the digester flask. The initial concentration 
of the sludge in the unit was 6.5 per cent total solids 
(5.3 per cent volatile solids). The “‘activated-sludge” 
unit: was started with 500 ml of “activated-sludge”’ 
culture. 

Algal groups were classified on the basis of morpho- 
logical characteristics determined by direct microscopic 
examination of culture samples. Cells of small size (2 
to 6 uw in diameter), spherical to broadly ellipsoidal in 
shape, and having a parietal chloroplast, which may be 
either cup-shaped or a curved band, were identified as 
Chlorella spp. Ellipsoidal to fusiform cells occurring 
singly or in series with their long axes parallel to one 
another and with a single longitudinal laminate chloro- 
plast usually containing one pyrenoid were considered 
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members of the genus Scenedesmus. Euglena were identi- 
fied by their single, bifureate flagellum, spindle shape, 
and eyespot at the anterior end. Filamentous blue-green 
algae characterized by unbranched, cylindrical, un- 
sheathed trichomes were classified as Oscillatoria spp. 


RESULTS 


Algal growth unit. Variations in the concentration 
of suspended solids and of algal solids from the 20th 
day until the end of the experiment are shown in figure 
2. The values plotted in the curves represent the aver- 
age packed volumes of total suspended solids and of the 
algal fraction for each 10-day period ending on the 
day indicated. The graph begins at 20 days, because 
before this time the unit presumably had not reached 
equilibrium. 

At the end of 40 days the concentration of the algal 
culture had decreased to 2.2 ml per 100 ml, of which 
80 per cent were algae. Because of the rapid decline 
in concentration, the detention period was then in- 
creased from 4 to 5 days. The increase in detention 
period decreased the rate of decline in concentration 
to some extent, as is shown in figure 2. During this 
period the population was divided as follows: Chlorella 
spp., 75 per cent; Scenedesmus spp., 23 per cent; and 
Euglena spp., 1.5 per cent. A few isolated filaments of 
Oscillatoria were also noted. 

On the 5lst day, a few specimens of a small single- 
celled blue-green alga were observed, which were 
1.5 to 2.0 u in diameter and were identified as Synecho- 
cystis sp. (Sauvageau, 1892) according to the descrip- 
tion given by Smith (1933) and by Prescott (1954). 
The concentration of the alga increased rapidly while 
that of the green species remained constant until the 
56th day. The concentration of all of the algae was 
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then 1.4 ml per 100 ml, approximately 55 per cent of 
which consisted of Synechocystis sp. No further change 
in concentration of cells was noted until the 58th day, 
when the heating element of the temperature regulating 
equipment failed and the temperature of the culture 
dropped to 13 C. By the end of the 58th day, almosi 
all of the blue-green algae were dead, leaving a vividly 
colored orange debris. A determination of the packed 
volume of the culture showed that it was 1.8 ml per 
100 ml, but that approximately 1.1 ml per 100 ml of it 
was debris. A curve indicating the rapid growth and 
decline of the first bloom of Synechocystis is shown in 
figure 3. 

Despite restoration of the temperature to 25 C, the 
packed volume of the suspended solids and of the algae 
continued to decline until an average of 1.0 ml per 100 
ml (0.95 ml algae per 100 ml) was reached. To counter- 
act the decline in concentration, a 6-day detention 
period was begun during the 70- to 80-day period. As 
shown in figure 2, the concentration of the culture in- 
creased with the initiation of the 6-day period. 

During the 70- to 80-day interval, Synechocystis 
again made its appearance, increasing from a few 
isolated cells to a number sufficiently great as to increase 
the packed volume of the algal fraction of the suspended 
solids to 2.5 ml per 100 ml (figure 3). On the 79th day, 
all of the blue-green algae suddenly died, again leaving 
an orange debris (total packed volume 3.2 ml per 100 
ml; orange debris, 2.5 ml per 100 ml). No equipment 
failure occurred at this time, although the pH of the 
culture declined from 9.2 at the onset of the develop- 
ment of the blue-green algae to 6.6 at the time of their 
death. 

As was observed previously, the orange debris 
gradually disappeared and the green algae increased 
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Figure 2. Packed volume of the algal-bacterial culture in the algal growth unit. Each point in the curves represents the average 
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in numbers until the packed volume of the algal frac- 
tion was 3.0 ml per 100 ml during the 80- to 100-day 
interval. At this time, representatives of the genus 
Chlorella constituted the greater portion of the algae. 
On the 110th day, the “‘activated-sludge” unit was 
discontinued, and thereafter sludge from the digester 
was fed directly to the algal growth unit. Although 
the daily sample of digester sludge was dark blackish- 
green when added to the growth unit, the black color 
usually disappeared by the succeeding day, as was 
determined by observing the centrifuged sample from 
the growth unit. The addition of digester solids directly 
to the growth unit resulted in no appreciable increase 
in the proportion of nonalgal to algal material. 
Synechocystis made its third and final appearance 
during the 130- to 140-day interval, again increasing 
from a few cells to an amount sufficient to bring the 
average algal concentration to 3.75 ml per 100 ml 
(figure 3) for the interval. At this time, Scenedesmus 
spp. constituted approximately 23 per cent of the 
algal population; Chlorella spp., 12 per cent; and 
Synechocystis sp., 65 per cent. Figure 3 shows that, 
during this ‘‘bloom”’ of Synechocystis, the total packed 
volume of all of the algae gradually increased to a 
maximum of about 4 ml per 100 ml and then declined, 
reaching 3.70 ml per 100 ml on the 10th day after the 
beginning of the bloom. The concentration of the blue- 
green alga remained the same until the 12th day, at 
which time the cooling equipment failed and the tem- 
perature increased to 40 C. As a result of this disastrous 
increase, approximately 97 per cent of the algae were 
killed, leaving a concentration of 0.1 ml per 100 ml 
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of suspended solids, of which 85 per cent were Chlorella 
spp. and 5 per cent Scenedesmus spp. Apparently no 
blue-green algae survived. 

The culture was not disturbed for 4 days, after 
which only 50 per cent of the daily sample was removed 
during the succeeding 10 days, although the usual 
amount of sludge was added. The concentration of the 
algae gradually increased until a packed volume of 1.6 
ml per 100 ml was reached during the 170- to 180-day 
interval (figure 2). From the 180th day until the 210th 
day, the concentration of the culture increased slowly 
to an average of 2 ml per 100 ml, of which Chlorella 
spp. constituted about 96 per cent and Scenedesmus 
spp. about 4 per cent. A gradual accumulation of 
debris was noted after the 210th day. This accumula- 
tion paralleled a decline in the activity of the digester 
until the latter ceased functioning during the 230- to 
240-day interval; at which time the packed volume of 
the suspended solids in the growth unit was 5.2 ml 
per 100 ml, of which living algae constituted about 
3.3 ml per 100 ml. 

After installation of a new digester on the 245th 
day, the average packed volume of the total suspended 
solids remained approximately 5 ml per 100 ml, al- 
though a decline in the algal fraction of the solids was 
noted during the first few days. Within a short time, 
however, the algae fraction began to increase until a 
maximal concentration of 4.75 ml per 100 ml was ob- 
tained during the 300- to 310-day interval. 

On the 311th day, the temperature regulating system 
failed and as a consequence the temperature in the 
growth unit rose to 38 C. Although the number of algae 
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Figure 3. Curves indicating the rapid growth and decline of ‘‘blooms’’ of Synechocystis sp. 
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killed was large, the extent of the destruction was not 
as great as that which characterized the first rise in 
temperature, inasmuch as the average packed volume 
only decreased to 1.6 ml per 100 ml in this instance. 
Chlorella spp. constituted approximately 95 per cent 
of the surviving algal population and Scenedesmus 
spp. the remainder. The experiments with the energy 
converter system were discontinued on the 340th day, 
although the system has been kept functioning since 
then for demonstration purposes. 

The efficiency of light energy conversion by the algal 
culture averaged approximately 3 per cent when the 
culture was at a maximal concentration. The value is 
that for the algal growth unit as a whole, because the 
nature of the experiment made it practically impossible 
to determine the precise amount of living algae, and 
thus to distinguish between the amount of light re- 
ceived by the algae and that absorbed by dead algae or 
nonalgal material. 

Digester unit. The production of gas varied from 75 
to 250 ml per day depending upon the amount of algae 
fed it. Gas production per g of volatile matter intro- 
duced averaged 0.6 ml per mg (9.8 cu ft per lb). In 
figure 4 the curve is shown for estimated ml of gas 
produced per mg of volatile matter introduced. Each 
point on the curve represents the average gas produc- 
tion for a 10-day period ending on the day indicated. 
As with the growth unit, the values obtained during 
the first 20 days are not indicated. As is shown in the 
figure, the yield of gas, per mg of volatile matter intro- 
duced, increased until the 50th day of the experiment 
when it was 0.8 ml per mg of volatile matter introduced, 
although the packed volume of the algal culture de- 
clined during the 40- to 50-day period. Gas production 
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remained relatively uniform until the 90- to 100-day 
interval, during which the average gas production 
dropped to 0.3 ml per mg (5.0 cu ft per lb) of introduced 
volatile matter. No change in pH or operating condi- 
tions was noted that could account for the drop except 
perhaps the small amount of solids available during this 
period. Gas production per mg of volatile matter in- 
creased for a time as more nutrient became available, 
although a second period of decline was noted during 
the 130- to 150-day interval. After reaching a second 
high on the 190th day of 0.7 ml gas produced, per mg of 
volatile matter introduced, the yield of gas began to 
drop rapidly, indicating that the digester was no 
longer breaking down the material introduced into it. 
This was confirmed by the steady accumulation of 
solids in the growth unit. The digester failed completely 
during the 210- to 220-day period. 

During the normal operation of the digester, the 
methane content of the gas varied from 60 to 74 per 
cent, with an average of 71 per cent. The methane 
content of the gas dropped to 40 per cent on the 20th 
day prior to the failure of the digester, indicating that 
the digester had begun to fail at least 3 weeks before 
its complete stoppage. The carbon dioxide of the mixed 
gas in the system varied from 2 to 20 per cent, changing 
with algal concentration. When the algal concentration 
was at its maximum, as for example during the first 
and fifth days, and the packed volume of the algae 
was 5.5 ml per 100 ml, the carbon dioxide concentration 
was 3 per cent. On the 56th day, with a packed volume 
of algae 1.4 ml per 100 ml, it was 5 per cent; and on 
the 110th day, with a packed volume of 2.6 ml per 
100 ml, it was 3 per cent. On the other hand, during 
the interval between the 150th and 160th day, during 
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Figure 4. The estimated amount of volatile matter introduced into the digester and the amount of gas produced. Each point in 
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the curves represents an average of the daily values for a 10-day period ending on the day indicated. 
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which the packed volume of algae averaged only 0.3 
m! per 100 ml, the carbon dioxide concentration was 
as high as 18 to 20 per cent. The oxygen content of the 
gas was strictly a function of algal activity and of 
external gas that may have leaked into the system. 

“Activated-sludge”’ unit. Very little quantitative data 
can: be given for the ‘“‘activated-sludge” unit because 
no determinations of solids could be made, inasmuch 
as they were required as nutrient for the algal growth 
unit. The daily change in packed volume was too small 
to be detected. The dry weight of the solids at the 
start of the experiment was 2.02 per cent of the wet 
weight, of which 1.82 per cent was volatile solids. The 
sludge was always dark green in color, very viscous, and 
dewatered slowly. It was characterized by a rich earthy 
odor, such as is noticeable in material being decom- 
posed by actinomycetes. Protozoa and other fauna 
characteristic of ‘“‘activated-sludge” were completely 
absent. 

Discussion 

Algal culture. The algal culture in the energy con- 
version unit was characterized by two outstanding 
features, the periodic rapid growth and the even more 
rapid disappearance of Synechocystis sp. and the 
rhythmic character of the increase and decrease in 
the total algal population. The sudden rapid increase 
in numbers of Synechocystis cannot be explained except 
by some change in the environment of the culture, 
although the nature of these changes could not be 
determined. The sudden dying of Synechocystis could 
be explained on two occasions; the first, when the 
temperature of the culture became excessively low 
(13 C); and the second, when it became excessively 
high (38 C). The killing of the alga at the two tem- 
perature levels indicated that the permissible range 
in which organisms of this type could compete and 
thrive was restricted to a range between 13 and 38 C. 
Although a drop in the pH level of the culture from 
9.3 to 6.6 paralleled the destruction of the third bloom 
of Synechocystis, it was impossible to determine from 
the data obtained whether or not the change in pH 
was a causative factor or merely the result of a change 
in algal and bacterial activity. There is the possibility 
that, under the conditions prevailing in the growth unit 
at the time, the organisms may have formed a toxie sub- 
stance which accumulated as the population increased, 
until a sufficient amount was present to kill it. 

The periodic fluctuation in the concentration of all 
of the algal groups may have been due to the accumu- 
lation of inhibitive by-products of cellular metabolism, 
which continued until a sufficient quantity was present 
to inhibit the growth of the organisms. This was pos- 
sible because the culture liquid was retained in the 
growth unit throughout the experiment, only the solids 
were removed and fed to the digester. When the algal 
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population was in its period of decline, daily output of 
the harmful by-product may have been less and bac- 
teria and other organisms in the culture were then able 
to decompose the algae. When the excreted by-products 
reached a sufficiently low level, the algal members of 
the culture would again increase. Another explanation 
may be found in the complexity of the culture. Inas- 
much as the sole source of nutrient for the algae was 
found in the decomposition products resulting from 
the activity of bacteria and protozoa in breaking down 
the digested algae fed the unit each day, the welfare 
of these organisms and their consequent degree of 
activity would determine the amount and nature of 
the nutrients available to the algae. Because of the 
limitations of the experiment, these phases could not 
be investigated. The periodic increase and decline 
-annot be accounted for by changes in pH, because no 
correlation was noted between maximal population 
size and pH level. With one exception, the pH level 
throughout the experiment ranged from 6.2 to 9.0, a 
range suited to growth of algae and bacteria. 

The experiment showed that the temperature and 
detention period of the algal culture were of prime 
importance in the energy converter. The detention 
period in the present study was between 4 and 6 days. 
In energy converter systems the optimal length of 
detention period will be dependent not only upon the 
characteristics of the algal population, but also upon 
those of the bacterial and protozoan populations, and 
upon the effective depth or energy flux per unit of cul- 
ture volume. Temperature had a direct effect on all of 
the organisms; at temperature levels lower than 19 
to 20 C, the activity of all of the organisms involved 
was retarded and the culture began to deteriorate. 
Temperatures in the upper 30’s probably were more 
harmful to the algae than to the bacteria; at least 
until an algal population adapted to the high tempera- 
ture was developed. 

Chlorella and Scenedesmus species probably are more 
desirable in an energy converter unit even though they 
did not exhibit the rapid rates of increase in population 
shown by Synechocystis sp. The former organisms 
demonstrated their greater ability to withstand the 
variations in conditions encountered in the unit. Despite 
the peaks and depressions in their numbers, they were 
always present in sufficient quantity to insure the 
continuity of the experiment. However, with more in- 
formation on the nutrition and physiological charac- 
teristics of Synechocystis sp., under conditions in which 
culture failures would be minimized, it may be possible 
to cultivate Synechocystis with great advantage. 

Unfortunately, the scope of the experiment did not 
include a study of the taxonomy of bacterial and 
protozoan populations in the growth unit. In general, 
however, excepting for the stalked ciliates such as 
Vorticella, bacteria and protozoa characteristic of typi- 


226 C. G. GOLUEKE AND W. J. OSWALD [VoL 7 


cal activated-sludges were present in the growth unit 
culture. The presence of actinomycetes was indicated 
by the slightly earthy odor of the culture. 

Digester. Characteristics of the anaerobic culture in 
the digester were comparable to those encountered in 
earlier studies on the anaerobic digestion of algal sludge 
(Golueke et al., 1957). Gas production averaged ap- 
proximately 10 cu ft per lb of volatile matter intro- 
duced. Of course, the figure is only approximate, because 
the value for the volatile matter introduced was based 
on an estimate made from the amount of the packed 
volume of the culture. The average yield for gas pro- 
duction probably was | to 2 cu ft per lb of volatile 
matter less than the values indicated, if previous work 
on the anaerobic digestion of algae is used as a basis of 
estimation. A high reading could have come from 
underestimating the amount of volatile solids intro- 
duced. The apparently high rate of gas production 
per lb of volatile matter broken down during the 
30- to 50-day interval probably was due to the large 
amount of volatile matter accumulated in the digester. 
This was possible because the digester at this stage 
may as yet have had some of the volatile matter 
originally present in the starting culture; and, in addi- 
tion, the high concentration of algae in the growth unit 
at the start of the experiment insured a large daily 
dosage of algae at that time. The response of the digester 
to the abundance of these nutrients was not immediate, 
since some time was required for adjustment to the 
new environment. However, once the adjustment was 
made, gas production was high and the values from 
the beginning of the experiment to the 30- to 50-day 
interval exceed those which would normally be ex- 
pected. The delayed response to the large loadings of 
nutrient was characteristic of the digester throughout 
the study, as may be seen upon comparing the curve 
for gas production in figure 4 with that for the volatile 
matter fed the digester. The low production of gas 
during the periods of high loading and high production 
of gas at low loadings probably were due to a lag in 
the breakdown of cells in the digester. Because of the 
fluctuations in the solids concentration in the growth 
unit, the digester was not fed a uniform dose of nu- 
trients each day; consequently the bacterial population 
was not constant, and hence time would elapse between 
the introduction of a large dose of nutrient and the 
build-up of a population adequate for coping with it. 
No detectable change either in pH or in temperature 
could account for the eventual failure of the digester 
unit. The solids concentration of the growth unit was 
sufficiently great to supply at least a major part of the 
nutrient requirements of the culture at the time. There 
is the possibility that a defective flutter-valve may have 
allowed gas from the growth unit with its abundance of 
oxygen to be forced into the digester. The oxygen 
content may have been great enough to harm the 


organisms in the digester culture. With the installation 
of a new digester and a new valve in the gas line }e- 
tween the digester and the remainder of the unit, 1o 
further trouble was had, and the new digester was still 
functioning long after the termination of the experi- 
ment. Occasional determinations of gas yield, per unit 
of volatile matter introduced, showed no increase over 
that of the original digester. 

A preliminary experiment showed that, unless a 
digester is operated at a temperature above the thermal 
death-point of algae, a large number of the algae survive 
passage through the digester, and as a result the entire 
conversion unit becomes less efficient. 

“ Activated-sludge”’ unit. The “activated-sludge”’ unit 
did little to advance the breakdown of organic matter 
in the system to a point suitable for consumption by 
algae. It is true that a large population of actinomycetes 
did develop but, except for the removal of ammonia and 
hydrogen sulfide from the digester sludge, the product 
obtained from the unit was physically almost the same 
as that introduced from the digester. The failure of the 
“activated-sludge” culture to carry out its intended 
function probably was due to physical limitations of 
the apparatus. Another explanation may be that a 
large portion of the energy content of the algae proe- 
essed in the digester was transformed to that of 
methane, while the remaining energy of the digester 
solids was tied up in the cell walls and other components 
of the dead algae in a form which was unavailable to 
most of the bacteria other than actinomycetes. Never- 
theless, the elimination of odors and the clarification 
of the liquid phase indicated that some activity did 
take place. 

Entire system. The maximal efficiency attained by 
the algal culture in the growth unit was 3 per cent; 
and the maximal over-all efficiency of the entire unit, 
that is, the conversion of light energy to the chemical 
energy of methane, was approximately 2 per cent. The 
low efficiency of the unit as a whole was due chiefly 
to the low efficiency of the algal culture, inasmuch as 
the efficiency of conversion of algal cells to methane by 
the digester must have been of the order of 66 per cent 
because light to algae was 3 per cent, and light to gas 
was 2 per cent. As a result of the low efficiency of the 
algal culture, the digester received less than its normal 
loading, and consequently gas production was low. 
This fact indicates that higher efficiencies of light con- 
version to gas can be attained with increased efficiency 
on the part of the growth unit. 

The experiment showed that light energy could be 
converted to the chemical energy of methane by biologi- 
‘al means within a relatively brief time with equip- 
ment and knowledge already available. It showed that 
closed biological systems of microorganisms can be 
maintained for appreciable lengths of time, not only 
with respect to liquid but also including gaseous en- 
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vironment. The importance of this is that the conversion 
of solar energy into methane by algal and bacterial 
cultures need not be restricted by limited quantities of 
organic wastes available at any one time, because each 
day’s contribution of nitrogen, phosphorus, and other 
elements would be retained in the growth chambers 
and used repeatedly. By recycling digested algae from 
the digester to the algal culture, in which the digester 
organic matter is further broken down by aerobic 
bacteria, and the resultant breakdown products serve 
as nutrient for the algae, digested sludge is upgraded 
in energy content as a result of the photosynthetic 
activity of the algae, and thus new organic matter 
becomes available and a new cycle is begun. 


SUMMARY 

A description is given of a series of experiments in 
which was developed a closed system of converting 
light energy to the chemical energy of methane through 
the agency of unicellular algae and aerobic and anaer- 
obic bacteria operating in an integrated unit consisting 
of an algal growth unit (oxygenation chamber), “‘acti- 
vated-sludge” unit, and _ digester. Decomposition 
products from the breakdown of organic material 
(algae and dead bacteria) by aerobic and anaerobic 
bacteria, together with light, furnished the raw material 
for algal photosynthesis, as a result of which light 
energy was fixed in algal cells. Dead algal cells, in turn, 
served as nutrient for the bacteria. As a result, the 
elements of organic matter were repeatedly broken 
down and resynthesized. 

Gas production by the digester averaged about 10 
eu ft per lb of volatile matter introduced. The methane 
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content of the gas varied from 68 to 74 per cent. The 
maximal efficiency attained by the algal culture was 3 
per cent, whereas the maximal over-all efficiency of 
the entire conversion unit was approximately 2 per cent. 

In general, the experiments showed that light energy 
could be converted to the chemical energy of methane 
by biological means within a relatively brief time; and 
that closed biological systems of microorganisms, not 
only with respect to liquid, but also to gaseous en- 
vironment, can be maintained for an appreciable 
length of time. 
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Toxin production was studied in two types of surface 
ripened cheese inoculated at various intervals of storage 
at 2 to 4 C with toxin-free spores of Clostridium 
botulinum. Cheese samples aged beyond 8 weeks be- 
came increasingly inhibitory to growth of C. botulinum, 
whereas prior to 8 weeks of storage the cheese supported 
growth (Grecz et al., 1959). 

The amount of free fatty acids in cheese progressively 
increases during aging of this product (Van Slyke and 
Price, 1952). This fact suggested that the observed 
inhibition of C. botulinum may be due to an accumula- 
tion of free fatty acids in the cheese during prolonged 
storage. Fatty acids were reported to inhibit germina- 
tion of spores of C. botulinum (Humfeld, 1947; Foster 
and Wynne, 1948); subsequently other authors stated 
that oxidative rancidity of the fatty acids was the cause 
of the observed inhibition (Roth and Halvorson, 1952). 
The amount of free fatty acids formed during aging of 
cheese varies (Van Slyke and Price, 1952), and factors 
affecting the rate of fatty acid formation are little 
known (Babel and Hammer, 1945). Apparently, oxida- 
tive rancidity of fatty acids of aged type I cheese*® has 
not been studied previously. 

The present work is concerned with following the 
gradual changes in the amount of fatty acids in type I 
surface ripened cheese during aging at 2 to 4 C and 
correlating these changes with the inhibition of C. 
botulinum. 


MATERIALS AND METHODS 


Cultural methods. A culture of type A C. botulinum 
(strain T) was used for experimental inoculation of 
cheese preparations. The methods of preparing spores 
and maintaining stock cultures are described elsewhere 
(Greez et al., 1959). 

Cheese preparations. Surface ripened cheese, type I, 
was obtained as composite lots in polyethylene bags. 


1 This study was supported by a grant from the National 
Cheese Institute. 

2 The data in this report were taken in part from material 
presented by N. Grecez in partial fulfillment of the requirements 
for the M.S. degree at the Illinois Institute of Technology, 
Chicago, Illinois. 

3 To avoid use of brand names, this surface ripened cheese 
has been classified type I. The flora of type I is made up of 
bacteria and yeasts. 
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The age of the cheese on the day of arrival at this 
laboratory was between 23 and 30 days. The bulk lois 
of type I cheese were stored at 2 to 4 C to study the 
effect of length of storage on the ability of the cheese 
to support growth of C. botulinum. Appropriate por- 
tions were removed from the composite lot at bi-weekly 
intervals and made up into an experimental medium 
as described by Wagenaar and Dack (1958). The normal 
salt content of type I cheese was in excess of 3 per cent. 
Reagent grade NaCl was added to some of the samples 
to yield approximately 3.0, 3.5, 4.0, 4.5, and 5.0 per 
cent salt. The cheese was pasteurized at 90 C for 10 
min in a water bath, cooled, and inoculated with ap- 
proximately 100 spores of C. botulinum per g of cheese. 
A sample of the cheese preparation was removed to 
determine fatty acids, rancidity, and fat prior to inocu- 
lation with C. botulinum. 

The inoculated cheese was weighed in 30-g portions 
into sterile 25 by 150-mm culture tubes and incubated 
anaerobically at 30 C. Samples were removed for toxin 
and pH analyses after 3, 7, 14, 30, and 60 days. Toxin 
was assayed by intraperitoneal injection of white mice 
with 0.3-ml portions of the supernatant fluid from 
centrifuged 1:5 aqueous dilutions of the cheese. If the 
mice died within 4 days, the sample was similarly inocu- 
lated into additional mice plus a control animal which 
was given type A botulinum antitoxin.‘ It was assumed 
that the presence of detectable amounts of toxin re- 
flected growth of C. botulinum and that growth which 
did not produce detectable amounts of toxin was 
insignificant. 

To study the role of fat and fat soluble substances 
in cheese, the butterfat fraction of aged cheese was 
separated by heating (90 C) and centrifugation. The 
supernatant fat fraction was combined with fresh type 
I cheese in such proportions as to give a final combined 
weight equal to the weight of cheese from which the 
fat was obtained. Four fractions of type I cheese were 
prepared: (a) normal aged, (b) defatted aged, (c) normal 
fresh, and (d) fresh with added butterfat from aged 
cheese. The fractions were tested for their ability to 
support growth and toxin production of C. botulinwm 
as described above. 

Fatty acid analyses. Acetic, propionic, and butyric 


4 Jensen-Salsbery Laboratories, Inc., Kansas City, Missouri. 
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acids were separated from each other and from closely 
related acids on a silica gel column using the method of 
and higher fatty acids were 


) eluted from the chromatographic column as a composite 


group. A chloroform-butanol solvent system was em- 
‘oyed. The quantity of eluted fatty acids was deter- 


| mined by titration with 0.01 N KOH in absolute ethanol, 
» using phenol red as the indicator. The accuracy of 


pee hee ; ; Rate of fatty acid formation. Three lots of type I 

acids in the titration curves were determined by addi- ; . fatty : 9 ‘ yP 

_* : wee ig ae surface ripened cheese were aged at 2 to 4 C for periods 
nis | tion of known acids in trial runs. The identity of the ; 

Ms : , ay ; up to 8 weeks. Chromatographic column analyses con- 
_ — fatty acids was also verified by the crystallographic : , : 
rs : ; tink Mi Z ae ducted at bi-weekly intervals showed that the quantity 

= microanalysis method of Klein and Wenzl (1932). ie ‘ ee mera hee : 
le Ff Ae ae of free fatty acids in individual lots of type I cheese 
ees Rancidity determinations were made by the von ; : : é 
28€ : “a “ieee ; did not increase at the same rate during aging. Also, 
Fellenberg aldehyde test, by the Kreis test for epihydrin . ; gh 
or- : 8 there was not a proportional relationship between 
dy > aldehyde, and by the Lea test for peroxides (Lea, 1939). meget ; : 
“ly S ; individual fatty acids which were recovered by the 
Samples for these tests were prepared by heating 100 g ; om ; : 
im ‘ Roba hie method of Harper (1953). However, all fatty acids 
al J of the cheese to 90 C, and centrifuging the hot cheese ; . ; 
na se > m™,.. £ ; % (except acetic) showed a consistent increase at each 
t in 50-ml Pyrex tubes. The fat layer was poured off and = , , : : 
nt. : a : ee 2-week interval during the entire 8-week observation 
Jes P used for the analysis. If necessary, appropriate dilutions oe oe : Diesige 
les Sead iat yitern- ; period. The rates of formation of individual free fatty 
» — Were made in liquid petrolatum, USP. A rancid sample : ages s ‘ 
per : re i agg acids are shown in figure 1, and that of total free fatty 
10 Fo lard was used as a positive control. The fat content ap age . 
: acids in figure 2. 
: of cheese was determined by the Babcock method a ae 
aup- a ae a cae Each lot of type I cheese became inhibitory to growth 
fal (Van Slyke and Price, 1952). ae ‘ : - 
se. “herein age ae ee oe Hl of C. botulinum after 8 weeks of storage at 2 to 4 C. 
An ethods. The methods employed for pF ; ; : s ” 
to anaes ge sith dees : After this period the total free fatty acid content of 3 
determinations, NaCl analyses, and assay of C. : 9 
cu- : A ; P S lots of type I cheese was between 1.10 and 2.16 per 
botulinum toxin were described in an earlier paper . : 
. . cent (figure 2). 
, (Greez et al., 1959). a ; : 
ons aes = cae les At brine concentrations above 6.0 per cent the growth 
ted NaCl brine concentration. The effective NaCl concen- * : 
eC chy : ; of C. botulinum was generally retarded (figure 3). 
: tration in the experimental cheese preparations was as ; 
x1 aieened:-an Ma’ bei ‘ethan hii rhe inhibitory action due to the age of the cheese 
F expressed as NaCl brine concentration defined as: Gh ‘ aes 
xn seemed to be additive with the inhibitory effect of 
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In the following discussion, reference will be made to 
brine concentration; this should not be confused with 
the initial salt concentration of the cheese (for example, 
3.0 per cent NaCl in a cheese containing 57 per cent 
moisture corresponds to a brine concentration of 5.00 
per cent). 


RESULTS 
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Figure 2. Total fatty acid formation in three lots of type I 
cheese during storage at 2 to 4 C. 
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Figure 3. Relation of toxin production of Clostridium 
botulinum to fatty acid level and NaCl brine concentration in 
type I cheese (7 days of incubation at 30 C). 
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of C. botulinum, this organism grew at brine conc: i- 
trations of 6.25 to 7.35 per cent. In aged cheese (8 
weeks at 2 to 4 C), which was a poor medium for grow th 
of C. botulinum, restricted activity of this organi-m 
took place only at 4.90 to 5.90 per cent brine concecn- 
tration, and no growth occurred above this limit. 
Therefore, varying quantities of NaCl were added 
to obtain a gradation of the growth response in different 
samples in the same experiment. As illustrated by the 
above example, the bacteriostatic activity in cheese 
was reciprocally related to the highest level of brine 
concentration at which growth of C. botulinum took 
place. Therefore, the reciprocal of the highest level of 
brine concentration at which toxin production occurred 
was taken as an index of the inhibitory activity of a 
cheese sample. The relation of age of the cheese to the 
inhibitory activity is shown in figure 4. An inhibitory 
activity of 0.15, for example, means that production 
of toxin by C. botulinum occurred at brine concentra- 
tions below 6.6 to 6.7 per cent (that is, ¢ = 1/0.15), 
and no toxin could be demonstrated in samples having 
a higher level of brine concentration than 6.7 per cent. 

The total fatty acid concentration of 3 inhibitory 
lots of cheese after 8 weeks of storage at 2 to 4 C cor- 
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Figure 4. Inhibitory activity of type I cheese on growth and 
toxin production of Clostridium botulinum during storage 0! 
the cheese at 2 to 4 C. 

* Inhibitory activity on growth of C. botulinum was defined 
as the reciprocal of the highest brine concentration at whieh 
type I cheese became toxic to white mice when inoculated with 
approximately 100 spores per g and incubated at 30 C. (Also 
see first footnote to table 1.) 
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reluted with the highest brine concentration at which 
toxin production occurred after 7 days of incubation 
at 30 C (table 1). 

A definite pattern of growth of C. botulinum at dif- 
ferent levels of fatty acids could be established. Higher 
brine concentrations were tolerated by C. botulinum 
in one series which contained the lowest level of fatty 
acids than in the other 2 series. In series 3, which 
contained the highest level of fatty acids, the tolerance 
of brine concentrations by C. botulinum was lowest. 
This indicated that the quantities of fatty acids in the 
experimental range had an inhibitory effect on growth 
of C. botulinum. The degree of inhibition was related 
to the level of fatty acids in type I cheese. 

As a rule, C. botulinum toxin was demonstrated in 
cheese preparations inoculated with C. botulinum 
spores after 7 days of incubation at 30 C. The results 
obtained after 7 days of incubation were more closely 
related to the initial fatty acid concentration of the 
cheese than the results obtained after longer incubation. 

An analysis of the relation of individual fatty acids 
to the number of positive samples indicated that the 
rate of development of propionic and butyric acids was 
correlated with the inhibitory effect on growth and 
toxin production of C. botulinum. A good example 
supporting this view was furnished by the third series 
of experiments. Here the level of propionic and butyric 
acids remained low for the first 2 weeks while the C; 
and higher fatty acids developed rapidly (figure 1, 
lot 3). At the same time, the number of toxic cheese 
samples in the corresponding experiments rose from 
8 to 10 (table 2). When the same cheese was stored at 
2 to 4 C for 2 additional weeks, the quantity of the 


TABLE 1 
Relation of total fatty acids to toxin production by 
Clostridium botulinum in aged type I cheese (7 
days of incubation at 30 C) 
NaCl Brine Conc 
Inhibitory 


Lot bt tt . Activity of 
F Toxic Nontoxic |Cheese Samples* 
sample sample 
oY % % xX 107 
1 1.10 5.35 6.15 1.87 
2 1.63 5.05 5.75 1.98 
3 2.16 T 4.95 2.02 


* Inhibitory activity (1) was defined as the reciprocal of 
the highest brine concentration at which type I cheese be- 
came toxic to white mice when inoculated with approximately 
100 spores per g and incubated at 30 C. Thus, when toxin was 
produced at 5.35 per cent brine concentration, but not at the 
next higher level, the inhibitory activity was calculated as 
t= 1/5.35 = 0.187 arbitrary units. 

+ The lowest NaCl brine concentration tested was 4.95 per 
cent. No toxin was produced at this NaCl brine concentra- 
tion after 4 days of incubation but toxin was produced after 
14 days of incubation at 30 C. 
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lower fatty acids increased considerably, but the 
amount of C; and higher fatty acids remained relatively 
low. As a result of this combination, the number of 
positive samples decreased from 10 to 7. After 4 weeks 
of storage at 2 to 4 C, the rate of development of the 
lower fatty acids remained constant but the level of Cs 
and higher fatty acids rose rapidly. During this period 
the number of positive samples rose from 7 to 10. A 
similar pattern was observed in the other 2 series of 
type I cheese experiments. When the cheese was stored 
for longer than 6 weeks, the increase in total free fatty 
acids enhanced the inhibitory effect. The small quanti- 
ties of lower fatty acids, together with the small number 
of positive samples, gave consistent results indicative 
of the same general trend. 

As indicated in table 1, the relation of the total free 
fatty acid concentration to the inhibition of C. 
botulinum in aged type I cheese after 7 days of incuba- 
tion at 30 C appeared to be a straight line function. 
The results obtained after incubation for longer than 7 
days showed that the cheese of lot 3, which had the 
highest initial level of fatty acids, was considerably 
more. inhibitory to growth of C. botulinum throughout 
the entire 60-day observation period than lots 1 and 2. 
No such relationship could be established with lots 
1 and 2. However, if the results obtained from experi- 
ments with 8-week old cheese in series 1, 2, and 3 were 
compared with each other, the rate of development of 
butyric acid was inversely proportional to the number 
of positive samples obtained in these experiments. 
The rate of development of butyric acid was highest in 
the third series, lowest in the second series, and inter- 
mediate in the first series. The number of toxic samples 
produced was lowest in the third series (3 toxic samples), 
highest in the second series (7 toxic samples), and 


TABLE 2 
Number of toxic samples in type I cheese inoculated 
with spores of Clostridium botulinum* 








No. of Toxic Samplest 
Weeks of Storage at 2 to4C 


a 


Lot 1 Lot 2 
None 7 10 8 
2 r 9 10 
4 9 15 ( 
6 10 11 10 
8 4 7 3 





*Inoculum = approximately 100 spores per g; C. botu- 
linum, type A, strain T. 

+ Each series consisted of 25 inoculated samples (5 samples 
each at 5 NaCl brine concentrations spaced at approximately 
1 per cent intervals) plus 5 uninoculated controls. A total of 
450 samples was analyzed. The lowest brine concentration 
was approximately 5.00 per cent. A set of samples was re- 
moved for toxin analyses after 3, 7, 14, 30, and 60 days of 
incubation at 30 C. 
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intermediate in the first series (4 toxic samples). This 
may imply that the development of butyric acid was 
related to the inhibition of C. botulinum. Such processes 
may be independent of lipolysis, that is, they may 
originate from normal microbial metabolic activities 
in which the production of propionic and butyric acid is 
incidental to the inhibitory mechanism by which it 
affects C. botulinum. This would be in agreement with 
the hypothesis that the rate of formation of these 
fatty acids and not the absolute amount could be related 
to the inhibition of C. botulinum. As far as the effect 
of fatty acids per se is concerned, the results indicated 
that a certain minimal initial quantity (between 1.10 
and 2.16 per cent) was necessary to noticeably con- 
tribute to the inhibition of growth of C. botulinum 
in type I cheese. Such a conclusion would be in agree- 
ment with data shown in figures 3 and 5. In these 
figures, the brine concentration at which toxin produc- 
tion by C. botulinum took place was plotted against 
the corresponding fatty acid concentration. The growth 
limiting fatty acid concentration obtained from figures 
3 and 5 by graphic extrapolation was 1.72 per cent 
of total fatty acids for 7 days of incubation at 30 C and 
2.16 per cent for 14 days of incubation at the lowest 
brine concentration employed in these experiments 
(that is, 4.95 per cent—the approximate normal NaCl 
brine concentration of type I cheese). After 14 days of 
incubation, no appreciable change in the toxicity of the 
samples took place. 
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Figure 5. Relation or toxin production of Clostridium bot- 
ulinum to fatty acid level and NaCl brine concentration in 
type I cheese (14 days of incubation at 30 C). 
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The variations of the effect on C. botulinum of fatty 
acid concentrations of less than the growth limiting 
amounts could be explained by the assumption of some 
inhibitory mechanism in aged cheese which develops 
independently of fatty acids. The results indicated that 
the inhibitory action of fatty acids and of the unknown 
principle(s) affected C. botulinum additively. ‘The 
assumption of a second inhibitory mechanism in aged 
type I cheese explains the absence of inhibition of 
C. botulinum in cheese, aged for 6 weeks at 2 to 4 C, 
containing as much as 1.32 per cent total fatty acids. 
In this case, additional storage time was probably 
necessary for the development of the second inhibitory 
principle which in combination with the fatty acids 
exerted a total inhibitory effect on C. botulinum after 
the cheese was stored at 2 to 4 C for 8 weeks.6 _ 

pH. The existence of two types of processes occurring 
in type I cheese during aging at 2 to 4 C was also indi- 
cated by pH changes; for example, one process was 
associated with a trend toward an alkaline pH and a 
second process was associated with a trend toward an 
acid pH. Generally, the pH of type I cheese became 
consistently more alkaline during storage at 2 to 4 C. 
The rate of this change, however, was retarded by the 
accumulation of fatty acids. This resulted in an inverse 


5 Subsequent preliminary experiments verified this as- 
sumption. 


TABLE 3 
Relation of fatty acids to pH in type I cheese after 
storage for 8 weeks at 2 to 4C 





Lot Total Fatty Acids pH 
1 1.10 6.96 
2 1.63 | 6.31 
3 2.16 6.20 

TABLE 4 


Effect of butterfat from aged* cheese on growth and 
toxin production of Clostridium botulinum 





| No. of Toxic Samples 
| after Indicated Days 
of Incubation 








Expt No. Samplest 

l3|7 | 14 | 30 | 60 
en i is 
1 Normal fresh cheese 0 | 0;0/1)1 
Fresh cheese plus butterfat | 0/0) 0/0 0 

oe oe 
2 Normal fresh cheese | 0 | 0/0 | 2| 2 
Fresh cheese plus butterfat | 0 | 0;0;0/)1 
3 Normal fresh cheese | 1 | 3 | 3| 3/3 
Fresh cheese plus butterfat ; 0) 1 13/313 





* Type I cheese aged for 3 months at 2 to 4 C. 


ey 
t Normal fresh type I cheese contained 22 to 25 per cent fj 
butterfat. Fresh type I cheese plus butterfat from aged cheese } 


contained 34 to 36 per cent butterfat. 
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relation of the final pH values to the quantities of 
fatty acids in aged cheese (table 3). The pH values per 
se were not sufficiently lowered to inhibit the growth of 
(. botulinum; on the contrary, on the scale of the total 
pH variations in type I cheese, the inhibition of C. 
botulinum occurred at the most favorable pH range 
for the growth of this organism in each individual lot 
of cheese (Greez et al., 1959). The removal of the lipid 
fraction from aged type I cheese did not alter the pH 
of the defatted cheese nor did the addition of such 
butterfat to fresh type I cheese affect the pH of the 
fresh cheese. 

Butterfat fraction. Since most fatty acids of cheese 
are generally associated with the lipid portion of this 
product, the relation of the butterfat of aged type I 
cheese to the inhibition of C’. botulinum was also studied. 
The results are summarized in table 4. The butterfat 
portion of type I cheese stored at 2 to 4 C for 3 months 
was obtained as previously described, and added to 
relatively fresh type I cheese. Three experiments were 
conducted in which normal fresh type I cheese was 
compared with fresh type I cheese to which the butter- 
fat portion from old cheese was added. Since the basic 
fresh type I cheese employed in these three experiments 
varied considerably in ability to support growth and 
toxin production of C. botulinum, the data were tabu- 
lated separately for each experiment. As was evident 
from table 4, the addition of butterfat from old type I 
cheese resulted consistently in definite inhibition of C. 
botulinum in fresh type I cheese to which the butterfat 
was added as compared with the normal control. The 
inhibitory property of the nonlipid cheese residue of 
aged type I cheese remained essentially the same as 
that of normal aged cheese. 

vancidity. The butterfat fraction of type I cheese 
was tested for rancidity by the von Fellenberg test, 
the Kreis test, and the Lea test (Lea, 1939). These 
tests demonstrated that type I cheese did not become 
rancid during storage at 2 to 4 C for as long as 3 months. 
Furthermore, no rancidity could be detected in type I 
cheese which was pasteurized after 3 months of storage 
at 2 to 4 C, inoculated with 100 spores of type A C. 
botulinum per g, and anaerobically incubated at 30 C 
for 60 days. Similar results were obtained with a second 
type of cheese (type III) which is surface ripened 
primarily by bacteria. 

DiscussION 

The quantities of fatty acids present in type I cheese 
in which inhibition of growth of C. botulinum was ob- 
served were considerably larger than the amounts 
customarily employed in experiments with laboratory 
media (0.1 to 200 ppm; approximately 0.0001 to 0.02 
per cent) (Nieman, 1954). Foster and Wynne (1948) 
found that 100 ug of oleic acid per ml of a brain heart 
infusion broth were inhibitory to the germination of 
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spores of six strains of C. botulinum. This quantity 
corresponded to approximately 0.01 per cent. In gen- 
eral, linoleic and linolenic acids acted in the same 
manner as oleic acid. The effectiveness of fatty acids 
varied in suppressing germination of C. botulinum 
spores in two different lots of the same medium. In 
contrast to the above findings, Roth and Halvorson 
(1952) reported that as much as 1.0 per cent of non- 
rancid methyl esters of oleic, linoleic, and linolenic 
acids were noninhibitory to spores of C. botulinum, 
whereas oxidized samples of all 3 acids caused sig- 
nificant inhibition at 0.01 per cent concentrations. 

Our observations generally agree with the views of 
Roth and Halvorson (1952) concerning the failure of 
1.0 per cent of nonrancid fatty acids to noticeably 
affect germination of spores and subsequent growth of 
C’. botulinum. However, aged type I cheese (8 or more 
weeks) contained considerably higher amounts of non- 
rancid fatty acids than were tested by Roth and Halvor- 
son. Furthermore, examination of the original data of 
Roth and Halvorson indicated that, contrary to the 
conclusions of these authors, the addition to the plating 
medium of 1.0 per cent of nonrancid lard, corn oil, 
methyl oleate, methyl linolenate, and oleic acid con- 
sistently resulted in somewhat lower average counts 
than those obtained from control plates; namely, 2.5 
to 8.5 per cent decrease. This appears to be in agreement 
with the possibility of a more pronounced inhibition of 
growth of C. botulinum by amounts of nonrancid fatty 
acids higher than one per cent, such as were present in 
aged type I cheese. 

In view of the complexity of the cheese mixture it 
would be premature to draw more definite conclusions 
concerning the relation of fatty acids per se to the 
inhibition of C. botulinum in aged type I cheese. The 
data presented in this paper may be interpreted as an 
indication of the probability that high levels of free 
fatty acids developing in type I cheese during aging do 
contribute to the inhibition of C. botulinum in this 
product. The inhibitory dose seems to be 1.72 to 2.16 
per cent of total free fatty acids. 

During storage at 2 to 4 C, type I cheese was in- 
hibitory to growth of C. botulinum at two separate 
stages: (a) present initially and lasting approximately 
2 weeks, and (b) appearing after 8 weeks of storage. 
The inhibition of growth of C. botulinum present in 
type I cheese during the initial 2 weeks decreased on 
additional storage. The cheese was most favorable for 
growth of C. botulinum after 4 to 6 weeks (figure 4). 
Since the level of fatty acids in fresh cheese was low, 
it may be suspected that the inhibition of growth of C. 
botulinum at this stage was due to some other factor(s) 
than fatty acids. 

As mentioned, in the chromatographic procedure 
(Harper, 1953) the fatty acids containing more than 5 
carbon atoms were eluted as a composite group. An 
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approximation of the relative quantities of the indi- 
vidual components comprising this group could be 
made by the use of the data of Hilditch (1947) for the 
average fatty acid composition of butterfat. Such an 
approximation might be misleading and was not used 
in the interpretation of our results. However, the 
method of Harper (1953) for fatty acid analysis was 
followed since it was rapid and gave reproducible data. 
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SUMMARY 


Inhibition of the growth of Clostridium botulinum 
was correlated with the level of free fatty acids in 
type I aged surface ripened cheese. The level of free 
fatty acids in this cheese rose consistently during 
8 weeks of storage at 2 to 4 C. The amount of increase 
of total and of individual fatty acids varied in different 
lots of cheese. By graphical interpolation, the growth 
limiting total fatty acid concentration in aged type I 
cheese was found to be 1.72 and 2.16 per cent with 
7-day and 14- to 60-day incubation periods, respec- 
tively. Lower concentrations of fatty acids gave variable 
results. This may be explained by the existence of some 
concurrent inhibitory mechanism which develops in 
type I cheese independently of the accumulation of 
fatty acids. 

The observed pH changes substantiated the existence 
of two types of processes occurring in type I cheese 
during aging, one contributing to the alkalinity and 
another contributing to the acidity of the product. The 
fatty acids were shown to contribute to the process 
associated with acidity of type I cheese. The final pH 
depended on the rates of the two processes. 

Addition of the fat fraction taken from thoroughly 
aged cheese to relatively fresh cheese resulted in definite 
inhibition of C. botulinum. The inhibitory properties of 
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the nonlipid residue of aged cheese were not reduced by 
the removal of butterfat. 

No rancidity could be detected in type I cheese 
during storage at 2 to 4 C for as long as 3 months, 
Furthermore, this cheese remained nonrancid when 
inoculated with 100 spores of C. botulinum per g and 
incubated anaerobically at 30 C for an additional 
2 months. 
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Millions of cubic feet of air are sparged daily into a tained with the sulfite-oxidation values measured at the 
commercial baker’s yeast fermentation to fulfill the corresponding operating conditions. Two fermentations 
oxygen demands of the organism. The costs for air com- were made in 5-gal agitated vessels under conditions re- 
pression are sizeable and, in some cases, the capacity ferred to as a “flooded’’ impeller; the air rate used in 
of the air supply system may impose restrictions on the these fermentations exceeded that which the agitator 
number or types of fermentations which can _ be blades could effectively disperse. 
scheduled. Except for the two fermentations made with flooded 

The rate of air supply required for each type of yeast impeller, the data of figure 1 indicate that fairly good 
fermentation has generally been established by a proc- correlation exists between the yield and equivalent 
ess of trial and error and is taken as the least amount sulfite-oxidation value for a specific yeast fermentation 
of air needed for maximal yield. This approach is made in various type and size propagators. This degree 
rather drawn-out and insensitive because the yields are of correlation is somewhat surprising in view of the 
affected by other variables which cannot be completely more than 10-fold range of values which would be ob- 
eliminated or appraised. Air requirements vary in tained if the air rate for any specific yield were ex- 
different periods of a fermentation depending on the pressed in other commonly used terms, such as lineal 
feed rate, yeast population, and so forth, and it is air velocity or volumes of air per volume of solution. 
impractical to carry this empirical approach for air The sulfite-oxidation method, therefore, can be useful 
regulation far enough to completely prevent overaera- in predicting the required air flow rate for new or modi- 
tion and attain maximal economy. Furthermore, this fied fermentors, in addition to being a useful tool for 
approach does little to minimize the risks of low yield scale-up and control purposes. The desired air flow 
or poor yeast quality resulting from improper aeration rates obtained from sulfite-yield correlations, however, 
in fermentations following major operational or equip- only represent minimal air requirements in highly fed 
ment changes. portions of the fermentation which approach the 

The objective of this work, therefore, was to investi- condition where air is limiting, at other times the fer- 
gate and develop techniques which could be employed mentation may be overaerated. The shape and position 
to obtain more direct and accurate indications of the of the yield-sulfite curve shown above is, of course, 
aeration conditions prevalent in active fermentations. specific for one particular fermentation and may vary 

with changes in the patterns used for feed rate, yeast 
EXPERIMENTAL METHODS population, and so forth. 

Sulfite-oxidation tests. The aeration efficiency of 120 
several sizes of geometrically dissimilar agitated and . , 
honagitated yeast fermentors was determined using the re) 
well known sulfite-oxidation method of Cooper et al. =100. a % es __— 

(1944). The liquid level and temperature for these Oo . - 4 : : 

tests were essentially the same as those during an actual = 

yeast fermentation. The oxygen absorption rates nia 

(mm Oz per L per hr) in the fermentors were measured = a 

at several air flow rates and at more than one impeller e gel hohe flesh 
speed. = x orn) ieee 

A series of experimental yeast fermentations were <60 * 1056 of Slob os 
then made in this equipment at several aeration con- - fi dest od ol 

» Fennec Wace anlle-aigeaaert seaine ney = 0 Matec ng 
ditions of known sulfite-oxidation value. All fermenta- > eieseee ae 
: ; gel-non-agitated. 
tions were made with continuous molasses feed and 








incremental ammonia additions for pH regulation and cues OKIDATION aa avis. 
as a nitrogen source to meet growth demands. Figure 1 Figure 1. Comparison of fermentation yield with sulfite- 


presents a comparison of the fermentation yields ob- oxidation values at comparable aeration conditions. 
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Air regulation with polarographic measurements. The 
most direct method of air regulation seemed to be to 
measure the dissolved oxygen concentration actually 
present in the medium during the active fermentation. 
After a number of determinations, it should be possible 
to establish the critical oxygen concentration required 
by a particular culture for maximal yield and final 
quality. Once established, optimal performance could 
be accomplished by adjusting the air supply to main- 
tain this critical oxygen concentration. Logically, 
modifications in the fermentation equipment or feed 
schedule will have no effect on this method of control. 
To test this reasoning, a polarographic method for the 
measurement of dissolved oxygen was chosen because 
of its high sensitivity, speed, and reported use in other 
biological systems (Petering et al., 1939; Bartholomew 
et al., 1950; Hixon and Galen, 1950; Wise, 1951). 

Polarographic apparatus. Several conditions were 
found to be present in a commercial baker’s yeast fer- 
mentation which complicated the use of conventional 
polarographic techniques, namely: 

1. The low pH of the medium (often below pH 5) 
and the presence of other electroreducible materials 
caused a large residual current to flow even when no 
soluble oxygen was present. 

2. The composition of the medium changed through- 
out the fermentation, so the magnitude of the residual 
current was not constant. Although the residual current 
bore a general inverse relationship to pH, it could not 
be predicted with the required accuracy from pH 
records or from one similar fermentation to another. 
It was necessary, therefore, to measure the no-oxygen 
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Figure 2. External polarographic assembly for the measure- 
ment of dissolved oxygen in fermentations. 
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reading (residual current) every time a dissolved oxyven 
concentration measurement was taken. 

In view of the above conditions, the apparatus shown 
in figure 2 was devised to measure the dissolved oxyzen 
concentration present in metabolically active yeast 
propagations. 

The glass housing for the dropping mercury electrode 
was mounted as close as possible to the outside wall 
of the fermentor under test. An unshielded 2 in. length 
of 6 to 12 see capillary tubing was used for the dropping 
mercury electrode. A saturated calomel (SCE) refer- 
ence electrode with a surface area of about 50 cm? was 
connected to the system electrically through a salt 
bridge containing a 4 per cent agar-saturated KCl gel. 
A Sargent-Heyrovsky! model 12 polarograph was used 
to apply a —0.5 v vs. SCE to the cathode for current 
measurement. A platinum cathode was used instead of 
the dropping mercury electrode during several fermen- 
tations. The platinum surface occasionally blackened 
and low, erroneous currents were observed; cleaning 
the platinum surface usually restored the current to 
the normal value. 

Dissolved oxygen measurements were taken in the 
following manner: 

1. With valves A and B open and valve C closed, a 
turbulent mixture of gas and liquor was pumped from 
the fermentor, past the electrodes for the total current 
reading, and returned to the fermentor. Less than | 
sec was required for the liquor to travel from the 
fermentor to the electrodes. 


1E. H. Sargent & Co., Chicago, Illinois. 
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2. With valve C open and valves A and B closed, 
liquor was recycled past the electrodes in a closed 
system. After several min of recirculation, the yeast 
contained in the liquor had consumed all of the oxygen 
present and the residual current reading was noted. 

3. The oxygen diffusion current was then taken as 
the difference between the total and residual currents. 

This apparatus was calibrated by measuring the 
dissolved oxygen content of 0.1 N KCl solution and 
yeast-free fermentor liquor which had been saturated 
with various known mixtures of air and nitrogen. 
Figure 3 shows that the polarographic current at- 
tributed to oxygen was found to be directly propor- 
tional to the dissolved oxygen content of the solution. 

Dissolved oxygen measurements were made with 
this apparatus in yeast fermentations in several sizes of 
propagators. It was found that: 

1. Very low dissolved oxygen concentrations were 
detected during highly active portions of the fermenta- 
tion (less than 0.2 ppm). In most cases, the residual 
current was several times larger than the current flow 
due to oxygen alone. 

2. The respiration rate in an active fermentation 
was found to be extremely rapid. Tests made with 
pure oxygen showed that less than 10 see were required 
for the yeast to consume a quantity of dissolved oxygen 
equivalent to that which would be present if the fer- 
mentor liquor were saturated with air. 

Due to the combined effect of these points, this 
system measured erroneously low dissolved oxygen 
concentrations in the growing phase of the fermenta- 
tions. Therefore work with this assembly was discon- 
tinued. However, the unsuccessful application of this 
apparatus in a yeast fermentation does not preclude 
its satisfactory use in other less active biological 
systems. 


Since it was found practical to use a dropping mercury 
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Figure 4. Sample photographs of dissolved oxygen measure- 
ments with electrodes directly in the fermentor. 
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electrode in turbulent gas-liquid mixtures, all subse- 
quent oxygen measurements were obtained by placing 
the unshielded dropping mercury electrode directly 
into the test fermentor. The saturated calomel elec- 
trode used previously was again connected to the 
system with an agar-salt bridge; the same polaro- 
graph and voltage were used. The residual current 
readings were taken after flushing the fermentor with 
high-purity nitrogen for several min. Although practical 
in small equipment, nitrogen flushing was not feasible 
for production-sized vessels. The presence of mercury 
and the nitrogen flushes repeated at hourly intervals 
had no effect on the yield or the quality of the experi- 
mental baker’s yeast produced. The effect of the loca- 
tion of the electrodes in the fermentor (5 gal, agitated) 
was investigated and found to have no influence on the 
current readings. Current measurements were re- 
corded photographically with the model 12 polarograph. 
Sample oxygen measurements taken during periods of 
high and low dissolved oxygen concentrations are 
shown in figure 4. 

The precision of this method is limited by the fluctu- 
ations in the current which result from variations in 
the mercury dropping rate. As shown in figure 4, oxygen 
measurements obtained by this method are sensitive 
to about 0.1 ppm. 


POLAROGRAPHIC RESULTS 


Electrodes inside fermentor. Four fermentations of 
the type previously reported in the sulfite-yield study 
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Figure 5. Dissolved oxygen concentrations measured at 
approximately hourly intervals using the nitrogen-flushing 
technique. 
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were made in 5-gal agitated fermentors using different 
applied air rates. A constant air rate was applied 
throughout each fermentation, but at levels which 
ranged from above to below that known to be re- 
quired for maximal yield. A fifth fermentation was 
made in which the initial pH of the medium was er- 
roneously adjusted to 10.0; this high pH greatly re- 
tarded the respiration rate of the yeast and permitted 
the dissolved oxygen concentration of the medium 
to approach saturation. 

The dissolved oxygen concentrations present during 
these five fermentations were measured at approxi- 
mately hourly intervals using the nitrogen-flushing 
technique previously described. Current measurements 
were also taken periodically in a sixth fermentation 
vessel containing aerated 0.1 x KCl solution. Constant 
current readings were obtained, which indicated the 
equipment was functioning properly and served as a 
reference point of known oxygen concentration. A single 
set of electrodes was used for current measurement so 
that all readings would be made on a comparable basis. 
The results of these measurements are contained in 
figure 5. 

The feed schedule followed in all fermentations was 
approximately the inverse of the oxygen concentration 
curve shown for the control fermentation. Several 
conclusions are indicated by the data of figure 5. (a) 
Different concentrations of dissolved oxygen were 
detectable polarographically in a group of yeast fermen- 
tations aerated at levels above and below that required 
for maximal yield; (b) the yields obtained were related 
to the average oxygen concentration present during 
fermentations of normal pH; (c) the average oxygen 
concentrations were proportional to the aeration 
efficiency as determined by the sulfite oxidation method; 
and (d) the critical concentration of dissolved oxygen 
required by a baker’s type yeast culture for an adequate 
yield is about 145 that at saturation or 0.2 ppm. 

The gradual decrease in the oxygen concentrations 
found in the pH 10.0 fermentation was largely due to 
the decreased solubility of oxygen in the medium as 
the feed continued and higher sugar concentrations 
were reached. 
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SUMMARY 


The sulfite-oxidation technique and_ polarographic 
methods were applied to yeast fermentations to obtain 
more effective systems for air regulation. Yield was 
found to be a function of the sulfite-oxidation value in 
a group of geometrically dissimilar 
vessels. 


fermentation 


An exterior polarographic apparatus was devised to 
measure the dissolved oxygen content of the medium 
during fermentation. Because of the high oxygen up- 
take rate in the fraction of a second required for liquor 
to reach the electrodes, oxygen measurements were 
erroneously low in growing phases of fermentation. 
Although inaccurate in portions of a yeast fermentation, 
this apparatus may be useful in other less active biologi- 
sal systems. 

The polarographic measurement of dissolved oxygen 
was achieved in pilot plant equipment using an un- 
shielded dropping mercury electrode directly inside 
the fermentors. A dissolved oxygen concentration of 
about 0.2 ppm was found to be required for adequate 
aeration during the production of baker’s yeast. The 
technique employed was not applicable to large fer- 
mentors because of the need to nitrogen flush the 
vessels to determine the residual currents. 
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Filtration, which is essentially a process of purifica- 
tion and is often thought of as an extremely simple 
operation, is really one of the more difficult steps in 
practical use as well as in its theoretical study (Dickey 
and Bryden, 1946; Orlicek, 1956). Difficulties are 
greater when filters are to be used as a selective ma- 
terial for biological studies; thus, adsorption of bio- 
logical components by filters has long been known, and 
a general review of the literature seems unnecessary 
here. Since viruses may also be adsorbed, methods of 
isolation other than filtration have been developed and 
are often found in new techniques. Nevertheless, filtra- 
tion is still advisable and is recommended for some 
purposes. Experience demonstrates that it is especially 
required when the material is to be obtained in a pure 
state, free of contamination, and when activity of 
viruses can be affected by physical or chemical pro- 
cedures. In spite of a decrease of infectivity of virus 
suspensions by adsorption of particles by filters, it may 
be considered that filtration does not affect the virus 
itself, if precautions are taken to avoid inactivation by 
other factors. In fact, a few particles of phage, for 
instance, passing through filters may give numerous 
progeny. 

It is well known that retention or passage of virus 
through filters is a physicochemical phenomenon which 
depends on many variable and uncontrollable factors, 
not only on the size of the virus and filter pores (Mackie 
and MeCartney, 1950; Merchant, 1950; Barzizza and 
Manso Soto, 1947). According to Mudd (1928), knowl- 
edge of the filters and of the material to be filtered is of 
great value, and some preliminary manipulations seem 
always necessary for filtering active agents. To pre- 
vent inactivation of the infective suspension, various 
precautions have been suggested. For example, the main- 
tenance of a correct ionic balance, particularly hydro- 
gen ion concentration, is particularly important, sus- 
pensions should be adjusted according to the isoelectric 
point of the active material, and a filter with an appro- 
priate charge should be used (Salle, 1954). Thus, 
alkalinity (sometimes a strong negative charge im- 
parted by pH values of 7.6 to 8 or as high as possible 
Without inactivating the virus) has been recommended 
to isolate either plant, animal, or bacterial viruses 
through earthenware candles or Seitz EK' filtering 


' Used as a general designation for asbestos pads. 





pads (D’Herelle, 1938; Bawden, 1943; Cook, 1947; 
van Rooyen and Rhodes, 1948; Fulton, 1950; Mackie 
and McCartney, 1950). However, as noted by van 
Rooyen and Rhodes (1948), the opposite opinion was 
expressed by Green and Eagles in 1927 when they found 
that pH did not seem to be important within the range 
6.4 to 8.4. Proper use of other factors such as pressure, 
temperature, viscosity, properties of filters, and so 
forth, are also considered of importance to avoid ad- 
sorption, and again for this purpose, some substance 
may either be passed through the filter before the sus- 
pension or added to it during filtration. The use of clean 
filters is an obvious requirement. 

Interest in filtration problems was taken several years 
ago while attempting phage isolation. After a study on 
841 samples of sewage (using an average of 10 indicator 
bacterial strains per sample), it was found that asbestos 
pads were less efficient than porcelain candles or glass 
sintered plates (de Vicente Jordana, 1949; 1951). 
Similar results were also considered, among others, by 
Conn and Dimmick (1946), Pogorzelska (1952), and 
Tarantini and Semeraro (1957). Later, for several 
months, inconsistent results in the isolation of plant 
pathogen bacteriophages and other active agents 
showed that the same type of filter could adsorb widely 
different proportions of particles at different times. 
Then, special studies were developed using several 
filters and a method to measure adsorption. In a previ- 
ous communication (de Vicente Jordana, 1958), it has 
been said that results agree greatly with Mudd’s 
recommendations (1928). Adsorption seems not to be 
dependent on single factors, but several parameters 
should be considered before attempting filtration of 
phage. In some conditions, 100 per cent yield can be 
obtained, whereas, in others of careless routine or 
poverty of material (including the amount of infective 
suspension), absorption of particles may be total. As 
viruses might be considered in many aspects as a bio- 
logical entity, these methods may be of general interest 
to select filters and conditions for their isolation. How- 
ever, other problems peculiar to viruses may arise as in 
the case of properties of sap in the isolation of plant 
viruses (Bawden, 1950). Bacteriophages provide excel- 
lent material and have advantages over animal and 
plant viruses in that one is operating with a simple host 
and can achieve greater economy of time and space. 
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MATERIAL AND METHODS 


Overnight suspensions of Bacillus polymyxa phage 
(isolated from rotten potatoes) or Escherichia coli 
phage (isolated from sewage) were passed through 
several filters under various conditions. The number of 
phages in the original suspension (Q;) was compared 
with the number in the filtrate (Q;) by the classical 
serial 10-fold dilution system, according to the methods 
previously described (de Vincente Jordana, 1949; 1951). 
Main results are expressed in terms of yield (y) using 
the formula: 


Q; 
y = lo 4 
pnr es, 


Media 


Standard media were provided to avoid, as much as 
possible, the interference of unknown factors which 
might modify the correlation of results. Special con- 
ditions of these media were also considered of interest 
according to relevant literature in order to obtain com- 
parable estimates. These conditions were mainly re- 
lated: (a) to the nature of liquid to be filtered; (b) to 
the ionic conditions of the suspension; (c) to the be- 
havior of some commercial-standard media on the de- 
velopment of bacterial strains; and (d) to the selection 
of the standard media. 

Nature of the liquid. It is well known that the nature 
of the liquid may affect considerably the results on 
filtration of the suspended virus. This has been con- 
sidered by several authors and more recently by 
Albrecht (1957). Although this author has found that 
Seitz EK filters may give an important rate of adsorp- 
tion when suspensions of virus were mixed with ox 
serum or concentrated broth (60 per cent yield for 
phage and 10 per cent yield for influenza virus), Flu 
(1946) and van Rooyen and Rhodes (1948) had con- 
sidered that broth may overcome adsorption of phage 
and other viruses by filters, whereas suspensions in 
saline (0.9 per cent NaCl) or other electrolyte solutions 
may give a great loss of particles. However, according 
to Flu, when suspensions in saline or Ringer’s fluid of 
lysogenic Bacillus megatherium (B. megaterium) (which 
gave no phage after filtration through Chamberland 
candles L3?) were mixed with 10 per cent broth, serum, 
or white of egg, adsorption decreased and the filtrate 
was again rich in phage. For these reasons, saline- 
basal media were eliminated after being tested and 
broth was selected finally for the preparation of the 
standard media used in the experiments reported in 
this paper. 

Tonic conditions. If electrolytes have the property to 
augment the adsorbing capacity of filters, the ionic 
conditions of the media may also affect not only the 

2 Societé du Filtre Chamberland Systéme Pasteur, Paris, 
France. 
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processes of filtration but also the development of 
phage according to several reports: thus, the effeci of 
pH of the plating medium on plate count can be striking 
and quite different for E. coli phage T1 than for a 
plaque type mutant, Tls (Hill, 1958). Accordingly, 
attention was paid to ionic conditions because we found 
during earlier experiments that pH had some influcnee 
on multiplication of B. polymyxa phage. Observations, 
which were in some ways similar to those of Overcast 
et al. (1951) with various strains of Streptococcus lactis 
and Streptococcus cremoris phages, indicated that 
secondary bacterial cultures increased with increased 
pH and that plaque formation was affected over pH 8. 
Inasmuch as many authors have recommended the use 
of alkaline pH to favor filtration, it was of interest to 
obtain proper conditions of filtration and the possi- 
bility that no changes of pH could affect the develop- 
ment of phages during the titration of phage in stocks 
and in filtrates, as well as to find some accordance be- 
tween experimental errors. After several attempts, pH 
6.9 was chosen and, since both organisms used (B. 
polymyxa and E. coli) are considered to be active 
fermenters, sugars were discarded. The use of buffer 
solutions was also avoided, because experimental 
changes of pH were an essential part of the present 
study. Plaque counts were constantly made at the same 
pH 6.9 in a sugar-free medium. The short time at which 
experimental changes of pH modify the ionic conditions 
of the medium for filtration purposes seems not to be of 
great value for correlation of results. 

Behavior of commercial media. It was also found, 
during general work, that some premanufactured media 
could affect the development of various bacterial 
strains, including B. polymyxa. Consequently, it was 
thought that premanufactured media might also 
affect phage development and therefore the media were 
always prepared with fresh material. 

Preparation of the standard media. Accordingly, 4 
nutrient broth (meat infusion, sugar-free) was used for 
the preparation of the phage stocks. Fresh meat (oc- 
casionally ox or horse hearts) was always used and 
sometimes 0.5 to 1 per cent yeast extract (Difceo)* was 
added to the medium. 

To clarify and to obtain more constant conditions, 
the medium at its latest stage of preparation was ad- 
justed to pH 8 to 8.2 and autoclaved for 10 min at 1. 


atm. The precipitate was removed by filtration and thep 


clear liquid was again adjusted to pH 6.9. Exact 
amounts of 50 to 200 ml, as required, were placed i 


suitable conical flasks (Erlenmeyer type). After being) 
plugged, the flasks were autoclaved for 15 min at Lip 
atm. When new precipitate was observed in the) 


medium, the flasks were discarded. 
From this medium, agar plates (1.8 per cent agar 


were provided at the same pH 6.9. The plates wer) 


8 Difco Laboratories, Inc., Detroit, Michigan. 
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slightly dried by leaving them open and inverted in an 
oven at 50 to 60 C. 


Methods 


Phage stocks. Each flask was inoculated with a 24 to 
48 hr bacterial inoculum of the test organism and a 
certain amount of a suspension of its correlative 
bacteriophage. Since the original number of phage 
particles was to be compared with that in the filtrate 
by parallel titrations, no previous titer of the suspension 
was required and no exact amounts either of bacterial 
suspensions or of phages were required for the inoculum 
preparation. According to routine work, these amounts 
were calculated by sight (using previously titrated sus- 
pensions) to obtain between 10’ to 10" particles per ml 
after overnight incubation at 30 C. 

Filtration. Results were obtained from Chamberland 
vandles 5L3 and 5L5, glass sintered plates (Gallenkamp 
5/34 and S. G. Jena G 5/35), and Seitz EK asbestos 
pads. Since asbestos may differ in origin,® results were 


recorded from three manufacturers: Filtros  ester- 
ilizantes “EKA” §$.A.7, Carlson “EK’’® | sterilizing 


asbestos filtering films, and S1-sterilizing filter sheets.° 
In the results, the three types of asbestos filters are 
referred to as C, B, and A, respectively. 


‘A. Gallenkamp & Co. Ltd., London, England. (Maximum 
pore size 1.6 to 1.84; avg pore size 1.3 to 1.5y) 

> Glaswerk Schott & Gen., Jena, Germany. 

6 According to Ladoo and Myers (1951), the term ‘‘asbestos”’ 
is not the name of a distinct mineral, but is a commercial term 
applied to any mineral that can be readily separated into more 
or less flexible fibers. 

7Kka S.A., Madrid, Spain. 

’ John C. Carson, Ltd., Ashton-U-Lyne, England. 

* Republic Seitz Filter Corp., Newark, New Jersey. 
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A simple system of filtration was provided as seen 
in figure 1. Several types of metallic and glass pumps, 
as well as oil rotary pumps, were employed for vacuum 
requirements. Pressure was regulated by taps A and B, 
and measured by using self-made mercury manometers 
or by means of metallic manometers. For this reason, 
and because fluctuations of vacuum were sometimes 
difficult to avoid, measurements of pressure were indica- 
tive but of relative value. 

Registered pipettes (mainly of Afora!® and Hoslab™ 
trademarks) were used to measure the amount of sus- 
pension to be filtered. When required, two or three sus- 
pensions were mixed and rendered homogeneous before 
aliquots were separated for experiments. Exact amounts, 
between 10 to 50 ml of suspensions, were filtered. Some- 
times fractional filtrations took place with the same 
filter and each successive filtrate was removed before 
another fraction was added to the filter. 

pH measurements. Before filtration, pH was controlled 
or adjusted to the required value. All pH measurements 
were potentiometrically determined using glass elec- 
trodes with a Torres Quevedo,” Cambridge," Mar- 
coni,'* or Beckman pH meter.!® Sterile beakers were 
provided for each suspension and electrodes were 
slightly treated with alcohol each time, rinsed with 
sterile distilled water, and dried with sterile filter paper. 


10 Afora, Barcelona, Spain. 

1! British manufacture. 

12 Instituto de Fisica Aplicada ‘“‘Leonardo Torres Quevedo,”’ 
Madrid, Spain. 

18 Cambridge Instrument Company, Ltd., London, England. 

14 Marconi Instruments Ltd., St. Albans, England. 

16 Beckman Instruments Inc., Fullerton, California. 
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Figure 1. Filtration system employed for evaluating various types of filters. A and B, taps for regulation of pressure; a and 6, 
cum connection to filter; and C and D, various types of filters. 
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Adjustment of pH was made using either NaOH or 
HC! of normalities 0.1 x, 1 N or 2 N. 

Titration of phage. Before filtration, an aliquot of the 
suspensions (0.5 ml) was taken as control and diluted 
in a saline isotonic solution (4.5 ml), or in the standard 
nutrient broth. Equal aliquots of the filtrates were 
equally diluted. Following this, serial decimal dilutions 
were made, and 0.1 ml of each dilution was transferred 
to agar plates in which the indicator bacterial strain 
had been spread by the gentle use of a sterile glass 
triangle. Cultures, 24 to 48 hr old, of the organisms in 
nutrient broth plus glucose at 30 C were used for this 
purpose, and plates were left to dry before the aliquots 
of 0.1 ml dilutions were spread over the plates. One- 
tenth ml of undiluted suspensions and filtrates was 
always used for measurements. Calculations were made 
in terms of the number of plaques per ml in the un- 
diluted suspensions. The number of plaques taken for 
calculations corresponded to the average of two plate 
countings of correlative dilutions after both numerical 
rates had been made comparable at the same dilution. 
Results were recorded after 24 or 48 hr at 30 C. Regis- 
tered pipettes of 5 and 1 ml were used. 


RESULTS 


Special attention was paid to Seitz asbestos pads 
which Rhodes and van Rooyen (1953) considered to be 














~~. Gloss sintered plates. 
@13 Chamberland candes. 
© Seitz pads (asbestos). Type B,6cm in dameter. 
0 Seitz pads(asbestos). Type C Jam in hameter. 


Figure 2. Effect of differences in the types of filters on the 
adsorption of bacteriophage. 
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the best coarse filters for withholding bacteria bee: ise. 
as stated before, these filters had shown a high tit«: of 
adsorption during previous experiments. 

Different estimates on adsorption between filters. \s a 
preliminary, a random number of four different types 
of filters in routine use were taken for parallel experi- 
ments. Ten ml of each suspension at a known pH were 
passed through one filter of each type using a water 
pump for vacuum. Pressure was not recorded. Results 
were conclusive that adsorption was negligible for glass 
sintered plates and Chamberland 5L3 candles, whereas 
Seitz pads adsorbed a great proportion of phage (figure 
2). It was noticeable that pads of type C (3 em di- 
ameter) were more efficient than those of type B (6 em 
diameter). The latter gave no yield at the acid range of 
pH; and, at the alkaline range, a low number of par- 
ticles were allowed to pass. 

Estimates using glass sintered plates and Chamberland 
5L3 candles. The experiment was repeated for each type 
of filter, filtering 10 ml of the same suspension at 
various pH values. After the aliquot controls had been 
removed, pH was adjusted and the 10 ml of suspension 
were transferred to filters each time. Again adsorption 
was negligible for glass sintered plates (figure 3) and 
for Chamberland 5L3 candles (figure 4). As seen in 
figure 4, adsorption seems to begin when candles be- 
come dirty. Candles cleaned by heating to white heat 
gave the best yield without differences at the various 
pH values used. After filtration of 150 ml of a bacterial 
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Figure 3. Adsorption of bacteriophage by glass sintered 
plates. 

Figure 4. Adsorption of bacteriophage by Chamberland 513 
candles. 
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suspension and subsequent sterilization by autoclave, may give slightly variable results. Glass sintered plates 
adsorption of phage particles was increased about 10 to were easily clogged and produced high percentages of 
100 times; further passages of bacterial suspension and contamination. To avoid adsorption, Chamberland 
the same treatment by autoclave again caused an in- vandles were cleaned by heating to white heat. This 
crease of adsorption. Filtration followed slowly, it was found to be of value over other systems, although 
became tedious and it was found of no practical use. vareless manipulation in this procedure may produce 
Some slight differences between results expressed in permanent damage to the filters. 

figures 2 and 3 for glass sintered plates might be due Estimates with Seitz EK pads. 1. Effect of pH. A 
either to experimental errors or to imperfect washing similar experiment to the above, filtering 10 ml of the 
after filters were cleaned with hot sulfurie acid plus same suspension at various pH values through Seitz 
potassium nitrate. Other experiments with the same EK pads (type B, 6 em), showed again a high percentage 
type of filters seem to indicate that imperfect washing of adsorption, although some yield was obtained at the 


TABLE 1 
Differences in titer between unfiltered suspensions and after each 10 ml of the same suspension were passed at various pH 
through Seitz EK filtering pads of 6 cm in diameter 


No. of Particles per Ml by Placue Count 
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alkaline range. Types A and C, both of 6 em diameter, 
gave practically no yield (table 1). Some slight differ- 
ences seem to be related to the commercial source of 
the filter, though later experiments have demonstrated 
that this factor is not of importance when optimal con- 
ditions of filtration are reached (figures 5 and 6). 

2. Importance of size of the pad. Yield was also 
influenced by the size of the pad. Figure 7 shows the 
difference on yield obtained with EK pads (types A 
and C) of 3 and 6 em diameter, during parallel experi- 
ments for each type of pad, after filtration of suspensions 
at pH 6.9. Since greater yield was obtained with smaller 
pads, it was possible that yield was independent of the 
size of the pad, but directly proportional to the volume 
over an area; therefore adsorption could be regarded as 
dependent on the amount of liquid filtering through the 
same point. 

3. According to the volume of suspension. As seen in 
figure 7, yield of phage particles increased by aug- 
menting the volume of suspension, using for filtration 
both sizes of pads; but, as can be seen in table 2, ad- 
sorption was also dependent to some degree on the pH 
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Figure 7. Differences on adsorption at pH 6.9 during parallel 
experiments for each type of asbestos, according to the size of 
pads and volume of the phage suspensions. Pressure at the 


starting point of filtration = zero mm mercury. 
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used. However, a stage of presaturation of filters scems 
to be required for particles passing through them, 
Fractional filtration showed that the first filtered 
aliquots gave higher titer of adsorption than the suc- 
cessive fractions (table 2). It could be possible that the 
state of presaturation at the alkaline range of pH was 
reached after passing a first portion of 10 ml for which 
the filtrate gave some yield, whereas at the acid range, 
a greater amount of liquid was required before yield 
was obtained. 

If the alkaline range of pH were the optimum for 
filtration with this type (B) of filter, it is possible that 
these facts related to the state of presaturation were 
due to the neutralization of charges either in correlation 
with the studies of Webb et al. (1944) or with the 
methods which recommend a pretreatment of filters, 
Special measurements of pH in filtrates agreed with the 
experiments of Webb et al. in showing that sometimes 
the collected liquid became more alkaline in reaction. 
Neutralization could also be due to the use of nutrient 
broth. Recently, Kanarek et al. (1958) found that a. pre- 
treatment of Seitz pads with Hartley’s tryptic digest 
broth rendered filters completely nonadsorptive for 
poliovirus. They characterized the active principle as 4 
polypeptide of high molecular weight. 

The importance of volume per surface unit and oi 
amino acids to favor filtration of poliovirus was con- 
sidered by Lamy et al. (1957). According to these 
authors, the maximal adsorption occurred in the first 
filtered fraction, whereas nearly the total amount of 
virus could be collected after filtration of 250 ml per 
em?, using a medium rich in amino acids and containing 
Tween 80'* Nevertheless, it was found that pressure at 
which filtration was made was of great importance and, 
especially when small amounts of liquid or improper pH 
was used, careful manipulation was essential. 

4. Effect of negative pressure. (a) Differences in ad- 
sorption according to the system of suction. Using the 
same type of Seitz EK pads as used for results shown 


16 Atlas Powder Co., Wilmington, Delaware. 


TABLE 2 


Increase in titer of phage particles per ml after filtration through), 


Seitz EK pads (type B, 6 cm in diameter) by augmenting thi 
volume of the suspension. Results were obtained by fractiona 


filtration. Each fraction was removed before a new fraction wal 


added to the filter 





No. of Particles per Ml by Plaque Count 





pH Filtered fractions of suspension from | 

ae Unfiltered 
| 
= 





0-10 ml 10-25 ml | 25-40 ml | 40-50 ml 


a, ee 


6.7 0 | oO | 2X 10 {2.1 x 10 
69 | O | 0 1x10; — | 
7.3 6.2 X 107 |1.2 X 1071.9 107} — | 
7.8 | 8X 1079.9 X 10°9.2x 10°) — | 
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in table 2 (type B, 6 em), differences in adsorption at 
the so-called presaturation stage of filters were found 
according to the system of suction. Results obtained 
using three water pumps installed in three different 
rooms of the same building are seen in table 3. From 
suspensions adjusted at pH 7.1, total adsorption was 
not noticeable and titer of phage particles in the 
filtrates varied to some extent using the first fractions 
of 10 ml. Seven water pumps of three types (in three 
buildings) influenced variations in results according to 
their installation and also to other circumstances. Thus, 
the same pump could give a total adsorption of particles 
or help them to pass to a range between 10? to 10* after 
filtration of suspensions about 10° particles per ml. 
Measurements of negative pressure produced by these 
seven pumps showed great differences in pressure ex- 
pressed as mm mercury, as well as in the time at which 
the pressure was reached. Differences were also found 
with oil rotary pumps, although results with those 
which produce quick and high vacuum were more 
constant and efficient. 

(b) Differences in yield according to experimental 
manipulation of vacuum. Some other points in con- 
nection with filtration of small amounts of liquid are not 
entirely devoid of interest. As seen in table 4, fluctu- 
ations in yield of particles passing through filters could 
be due to the experimental conditions and manipula- 
tions at which vacuum was used. 

To filter 10 ml of suspension at pH 6.8 using pads of 
type C, three experimental conditions were considered. 
For condition no. 1, filtration started from zero mm 
mercury; the increase of pressure until 250, 500, and 
745 mm gave practically no yield. At experimental con- 
dition no. 2, adsorption was overcome to a considerable 
extent starting from a pressure of 550 mm which im- 
mediately rose to 630 mm. Better yields were also ob- 
tained with experimental condition no. 3: the suspen- 
sion was left for a few min in contact with the filter 
before vacuum was applied and filtration followed until 
rhe last drop of foam came through the filter. It is clear 
that sometimes filtration could be completed before the 
required vacuum had been reached. Another observation 


TABLE 3 


Pference in the titer of phage particles in filtrates made at 
| pH 7.1 using for fractional filtration water pumps installed 
in three different rooms. Seitz EK pads (type B, 6 cm 
bin diameter) 


No. of Particles per Ml by Plaque Count 


Water Pump Filtered fractions of sus- 






Unfiltered pension from 

eve Unfiltered 
= 0-10 ml 10-50 ml 
2.3 xX 10 aa eros 7 
1.4 xX 10} No. 1 (metallic) 4.4 X 10! 2.3 X 10’ 4 X 108 
eee. Ko. 2 (metallic) 5 X 10? 4.1 X 108 5.9 X 10° 
7.7X W v0. 3 (glass) 2.2 X 10° |. 6:5: 10? | 2.6'X< 10° 
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in connection with pressure was made when it was 
found that vacuum inside the filter flask was not cor- 
related, at times, to that of the manometer if the 
cotton-wool either in the side arm of the metallic 
holder or in the filter flask was much compressed 
(figure la and b). 

(c) Importance of previous vacuum. Further studies 
on the effect of negative pressure on yield of phage 
particles after filtration through Seitz pads confirmed 
previous observations that yield could be increased 
when some previous vacuum had been produced in the 
system of suction at the starting point of filtration. 
Some of the most relevant findings obtained with Seitz 
pads (types A and C, 6 cm diameter) which may prove 
the importance of vacuum filtering 10 and 25 ml of 
suspension at pH 6.8 to 6.9 have been represented in 
figure 5. 

5. Estimates on maximal yield. Since the various 
factors studied were found equally important to over- 
come adsorption of phage particles by Seitz filters, a 
new experiment was performed in order to correlate the 
various circumstances which might modify the filtrable 
conditions of these particles. The family of curves ob- 
tained from calculation of results with Seitz pads (type 
A, 6 em) and a pressure of about 650 mm mercury is 
shown in figure 6. Taking the volume of suspension as 
the parameter and pH the free variable, it was found 
that a maximal yield of over 95 per cent particles was 
obtained with 50 ml suspension at pH 6.85, whereas 
total adsorption was obtained using 10 ml of suspension 
at pH 5.9. 

At the same pH 6.85, a yield of log 1.55 (nearly 100 per 
cent particles concentration) was obtained with 45 ml 
and about 700 mm using pads of type C. It has fre- 
quently been observed that, when filtration takes place 


TABLE 4 
Differences in titer and in yield of phage particles in filtrates 
made at three experimental conditions of pressure, using 
Seitz EK pads (type C, 6 cm in diameter) and 10 ml 
suspension at pH 6.8 





! 
Experimental Pressure (mm 


| Titer of Filtrates 





Conditions* Mercury) Yield (Q3/Qi) 
No. 1 0-250 0 | 0 

0-500 | ‘x 9.09 X 1077 

0-745 | 2.5 X 10 2.72 X 10 

No. 2 250+ 5 | 3.6 X 104 7.52 X 10-6 

500 + 10 | 1.3 X 104 2.71 X 10° 

550-630 | 1.5 X 106 3.02 X 10-4 

No. 3 0-300 1 X 10° 1.68 X 10-5 

300 | 1 X 103 1.68 XK 10-5 

625 2.1 X 10° 3.53 X 10-6 


* Condition 1, starting from zero mm mercury; condition 
2, previous vacuum; condition 3, suspensions were in contact 
with the filter before vacuum was applied and filtered until 
the last drop of foam. 
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under inadequate conditions, the number of particles in 
the original suspension does not generally influence 
yield, but great concentrations of particles per ml can 
generally give higher titers in filtrates than suspen- 
sions in which lower concentrations were detected 
(table 4). These differences were not so marked under 
optimal conditions. 

Studies on contamination of filtrates. Several authors 
have considered that negative pressure exceeding 30 or 
50 em mercury and even the use of Seitz filters may 
produce contamination of filtrates. Since negative pres- 
sure was one of the conditions studied to overcome ad- 
sorption by Seitz pads, it was of interest to study the 
importance of contamination caused by filters. 

Soil and plant remains were suspended in tap water 
and incubated overnight at 25 and 35C. Both sus- 
pensions were rendered homogeneous and diluted 10 per 
cent in the standard nutrient broth. Organisms were 
often found in wet unstained conditions of about 
1.3 X 1.0-0.8 » to 13 X 2.6 uw in size using a Leitz 
Wetzlar” micrometer. Suspensions containing between 
10° to 10° organisms by colony count on nutrient agar 
plus glucose after 48 hr at 25 and 35 C were filtered as 
follows: 50 ml were filtered through Seitz pads (type C); 
15 to 20 ml through Chamberland candles 5L3 and 5L5; 
and 10 ml through glass sintered plates. Pressures of 
500 to 600 mm were used at the starting point of 
filtration, or these pressures were attained at the com- 
pletion of the filtration. After filtration, the liquid was 
transferred to sterile tubes and incubated at 25 and 
35 C. 

Results from Seitz pads and candles after 7 days of 
incubation demonstrate that contamination should not 
be regarded as dependent on a general condition of 
filters. From 21.3 per cent contaminations of filtrates 
obtained through Seitz EK pads, only 2.4 per cent 
should be considered to be of unknown cause. The same 
percentage of contamination was obtained using sterile 
broth, and also (2.2 per cent contamination) during ex- 
periments with phage suspensions which apparently 
had no bacteria present. 

Some reasons for excess contamination with the Seitz 
EK pads were considered. Thus, 3.3 per cent con- 
tamination was possibly due to the fact that the screw- 
nuts of the metallic holder of pads were not well 
pressed. Another 9.9 per cent contamination could be 
dependent on the production of abundant foam, es- 
pecially when foam could be contaminated either 
through the side arm of the holder or of the filter flask. 
Other minor causes may be of interest. The use of a 
collector tube inside an appropriate filter flask (figure 

1C) may easily give less incidence of contamination 
than the direct use of the side arm of the metallic 
holder (figure 1D) for vacuum purposes. Filters and 
material stored for some time seem to be another 


17 Ernest Leitz, Wetzlar, Germany. 
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factor and, also, contamination could be caused by in: ide- 
quate sterilization of the filters. When the filtrates \vere 
stored for a longer period than the conventional 7 cays, 
the percentage of contamination could iner ‘ase, 
Whether they were true contaminations or developinent 
of filterable forms of bacteria is, at present, difficult to 
say. However, absence of bacterial growth was found 
in the most of the uncontaminated filtrates after | 
month. Glass sintered plates gave the higher pre- 
centage of contaminations, but this was as expected 
due to the size of the pores (1 to 1.5 u) as guaranteed by 
the manufacturers. 


DISCUSSION 


In general, experience suggests that several types of 
phages and other active agents can be isolated by 
means of filters, provided that adequate precautions 
are taken. On the contrary, inobservance of such pre- 
‘autions may lead to failure. The experiments reported 
above seem to point out that adsorption of phage 
particles by filters, mainly by use of Seitz EK pads, is 
not only due to single factors but that the degree of 
adsorption tends to vary in accordance with conditions 
of filtration. Results with Seitz EK filtering asbestos 
pads using nutrient broth seem to agree with certain 
recommendations of Mudd (1928). Adsorption was 
mainly dependent on a combination of the following 
factors: pH, vacuum, amount of liquid, size of the pad, 
and, to some extent, its manufacture. Volume of sus- 
pension was shown to be as important a factor to avoid 
adsorption as others of different nature have been con- 
sidered to be. When the volume of the sample was too 
small, phages were lost completely if the proper pH 
was not reached or improper vacuum conditions existed, 
but proper pH or high vacuum proved not to be of us 
to obtain a great yield with an inadequate volume oi 
suspension. As considered by Kanarek et al. (1958) for 
filtration of poliovirus, and recommended by other 
authors, we think that the Seitz EK pads have some 
advantages over other types of filters to isolate bae- 
teriophage and other active agents. However, for some 
purposes they offer several inconveniences. 

In spite of the fact that some contaminations may 
occur during processes of filtration, experiments sug- 


gested that this procedure often saved more purity op 
)Bawbr 


suspensions than other system of isolation. After several 
hundred filtrations since 1946, incidence of contamin: 
tion was much less than that obtained with othe 
processes of purification. Adequate controls and furthe' 
passages of suspensions through filters could ensure thi 
accuracy of the results. 
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SUMMARY 


After several years of research on filtration problems, 
experience suggested that some viruses and other 
active agents can be isolated by means of filters pro- 
vided that adequate precautions are taken. Inob- 
servance of such precautions may lead to failure. 

A method to measure adsorption was developed. 
Suspensions of Bacillus polymyxa and Escherichia coli 
phages in nutrient broth were passed through several 
filters under various conditions. Results greatly agree 
with certain recommendations of Mudd (1928). Ad- 
sorption seems not to be dependent on single factors 
but several parameters should be considered before at- 
tempting filtration of phage. In some conditions, 100 
per cent yield can be obtained, whereas in others of 
careless routine, or poverty of material, adsorption of 
particles may be total. For asbestos pads, adsorption 
depended mainly on a combination of the following 
factors: pH, vacuum, amount of liquid, size of the pad, 
and, to some extent, its manufacture. Volume of sus- 
pension was shown to be an especially important factor. 
Fractional filtration showed that the first filtered 
aliquots gave higher titers of adsorption than filtrates 
of the successive fractions. Adsorption was negligible 
within the pH range 5.5 to 7.7 when 5L3 candles and 
glass sintered plates were clean. 

Glass sintered plates gave the higher percentage of 
contaminations but contamination seems not to be de- 
pendent on a general condition of Seitz EK filtering 
pads and of Chamberland candles 5L3 and 5L5. 
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The microbiological activity of fatty acids and of 
aliphatic primary and secondary amines led us to 
prepare selected amine salts of the various fatty acids. A 
number of investigators (Kiesel, 1913; Peck and Rosen- 
feld, 1938; Peck et al., 1939; Keeney, 1943, 1944; Wyss 
et al., 1945) have reported on the antifungal activity 
of fatty acids. Other workers (Cowles, 1941; Frank 
and Reiner, 1954) have reported on the action of 
fatty acids on bacteria and other microorganisms. 

Biological activity of cationics was reported by 
Domagk as early as 1935. The primary and secondary 
aliphatic amines being cationic agents, microbial action 
is expected. Preparation of the aliphatic amines was 
described by Young and Christensen (1942) and Young 
(1944). 


EXPERIMENTAL METHODS 


All bactericidal and fungicidal tests were conducted 
in broth using the 2-fold serial dilution method. Prepa- 
rations of bacterial inocula were made by adding 0.1 
ml of an 18-hr culture to physiological saline; then 
0.2 ml of this inoculum was added to each test tube 
containing the desired concentration of test material. 
The results were read after 48 hr of incubation at 37 C. 

In the case of fungi, a 7- to 10-day-old culture was 
scraped from an agar slant, added to saline, and homog- 
enized; then 0.2 ml of this culture was added to a tube 
of the compound to be tested. The technique employed 
here was similar to that discussed in a previous paper 
(Reisner and Borick, 1955). 

With Pityrosporum ovale, a loopful of inoculum was 


TABLE 1 
Tetradecylamine Salts 








Mol Wt 














: : Nitrogen | 
Acid Method | Recrystallized from: ating Evlet ne Se hes a 
| Cale | Found Calc | Found 
Cc | % | % | 
Crotonic A Ethanol 52-60 | 4.7 4.6 299 | 305 
CH;CH=CHOOH | 
Lauric A Ethanol 63-5 3.4 3.3 413 | 421 
CH;(CHe2);s>COOH | | 
Propionic A Ethanol 61-3 | 49 | 5.1 287 | 306 
CH;CH:COOH 
Myristic A Ethanol 70-5 3.2 3.2 441 | 472 
CH;(CH2),2».COOH 
Palmitic A Ethanol 76-81 3.0 3.0 469 470 
CH;(CH2):s;COOH 
Decanoic A Ethanol 53-9 3.6 | 3.5 384 394 
CH;(CH2)sCOOH | 
Heptanoic B Ethanol 36 |} 4.1 | 4.0 343 385 
CH;(CH:2);COOH | 
Octanoic C Acetone 44-47 3.9 3.9 | 357 358 
CH;(CH2) «COOH | 
Nonanoic Cc Acetone 42-45 3.8 3.7 | 371 371 
CH;(CH:);COOH | 
Undecanoic C Acetone | 65-8 3.5 — | 399 380 
CH;(CH2),;COOH 
Undecylenic C Acetone 51-2 3.5 3.6 | 397 397 
CH.=CH(CH:2)s;COOH 
Stearic D Ethanol 37-42 2.82 | 2.8 494 | 516 
CH, (CH,),«<COOH | 
Sorbic E Acetone 78 4.1 4.1 | 339 | 330 


CH;CH=CHCH+=CHCOOH 
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scraped from an Emmons agar slant and added to 10 
ml of physiological saline, 0.2 ml of this suspension was acetate, butanoate, and oleate, crystalline materials 
then added to the test solution. After incubation the were not obtained, thus these were tested as solutions. 
highest dilution showing no growth was taken as the This was also the case with the N , N-dimethyloctade- 
end point. cylammonium undecylenate. 

The salts used in this study are listed in table 1. The lauryltrimethylammonium undecylenate was 
Either Onyx tetradecylamine! (TDA) or Armeen 14D? prepared by adding 50 g of Arquad 12? (50 per cent 
and the best commercially available grades of the lauryltrimethylammonium chloride in _ isopropanol) 
acids were used as starting materials. The compounds to an ether solution of 18.4 g of undecenoic acid. The 
were prepared by the following methods: salt was precipitated by the addition of acetone and was 


In the preparations of the tetradecylammonium 


Method A. Equimolar quantities of tetradecylamine recrystallized twice from ethyl acetate. The yield was 
and the acid were dissolved in a minimum of warm 22 g; mp = 90 to 93 C. 
ethanol. The salt crystallized on cooling. 

Method B. Equimolar quantities of tetradecylamine RESULTS 


and the acid were dissolved in a minimum of warm The results obtained from chemical and microbiclogi- 


cal tests are included in the tables. Table 1 shows the 
summarized results of compounds prepared with 
melting points, molecular weight, percentage nitrogen, 
and the method of preparation of the various fatty 
acid salts of tetradecylamine. 

Table 2 contains the microbiological data for the 
tetradecylamine salts of the unsaturated fatty acids, 
the quaternary undecylenate, and the N , N-dimethyl- 
octadecylammonium undecylenate. The piperazine, 
piperidine, and benzylammonium undecylenates were 
also tested and showed some activity against the 
dermatophytes. Data were not included in this paper. 
Tables 2 and 3 give the minimal inhibitory concentra- 
! Onyx Oil and Chemical Company, Jersey City, New Jersey. tions in mg per cent. The maximal concentration tested 
2 Armour and Company, Chicago, Illinois. by us was limited to 20 mg per cent. 


ethanol. The salt was precipitated as a gummy mass by 
cooling the solution in a Dry Ice acetone bath. The 
product was recrystallized twice from ethanol at 
Dry Ice temperatures. 

Method C. Equimolar quantities of tetradecylamine 
and the acid were dissolved in a minimum of ethanol, 
and the salt was precipitated by the addition of a large 
volume of water. 

Method D. Equimolar quantities of tetradecylamine 
and the acid were dissolved in a minimum of ether. 
The salt precipitated on standing. 

Method E. Similar to A except that acetone was used 
instead of ethanol. 


TABLE 2 
Activities of certain unsaturated fatty acid salts of various amines 


Minimum inhibitory concentrations stated in mg % 
































Tetradecylamine ee N, N-dimeth- 
Test Microorganism, Source i _—_—_—_—— ' —| ylammonium | —— 
Crotonate | Undecylenate | Oleate Sorbate | Undecylenate | Undecylenate 
2 eee ae |e Ce | \— 
Micrococcus aureus (Staphylococcus aureus), strain | | | | 
OE) OSG. O70 5° a 0.6 0.3 | >20 | 0.6 0.3 | 1.25 
Streptococcus faecalis, laboratory isolate............... 0.3 0.6 >20 | 0.6 10.0 0.6 
Streptococcus pyogenes, strain Bochez, ATCC 45438. ..... 0.15 | 1.25 >20 | 0.6 j 2.5 1.25 
Enctobacellus'caset, ATCC T4Q9... cc ccc cc caecsees 0.035 | 0.15 0.035 | 0.15 0.15 1.25 
Candida albtcans, ATCC 40281... oo... ccc ccew cece 0.035 | 0.15 0.15 0.035 1.25 0.6 
Proteus vulgaris, PURI MIR Stan. sg aaa tg carduasdy oye >20 | >20 >20 >20 >20 >20 
Bacillus mycoides, ATCC 10206. ...... 2.2... cece eee 0.3 | 0.6 >20 0.3 0.6 1.25 
b Bacillus subtilis, ATCC 9524........0 0000.0. ccc ce eee | 0.15 | 0.6 >20 0.6 0.3 2.5 
BecneviehiG GOW, BOO OGl . . 05 iis ci nc viens cee eass 2.5 | 0.6 >20 2.5 20.0 >20 
Aerobacter aerogenes, ATCC 8329...................4.. 0.6 >20 >20 0.6 10.0 >20 
Lactobacillus bifidus, ATCC 4962...................... 0.3 0.3 2.5 0.3 5.0 1.25 
Nocardia asteroides, ATCC 3308....................... 0.6 0.3 >20 1.25 5.0 5.0 
Microsporum gypseum, strain 235, ATCC 9083......... | 0.3 0.07 >20 0.6 1.25 5.0 
_ Trichophyton mentagrophytes, strain 666, ATCC 9972. ... .| 0.3 0.07 1.25 0.6 25 2.5 
Pseudomonas aeruginosa, ATCC 10197................. 1.25 >20 | >20 2.5 >20 >20 
Salmonella typhosa, PCL 412, ATCC 10243............ 0.6 0.6 | >20 0.6 5.0 >20 
Microcoecus aious, ATCC VS1. .... 0... cc view wees 0.6 | 0.6 >20 0.3 | 1.25 | 0.3 
Brevibacterium ammoniagenes, ATCC 6871............. 2.5 0.3 >20 0.3 | 20.0 | 5.0 
Alternaria sp., strain 1284, ATCC 9100................ 5.0 0.15 | >20 1:25 10.0 | >20 
Pityrosporum ovale, ATCC 10969. .................006% O15 | 0.15 | >20 0.6 0.6 | 20.0 
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Table 3 shows the inhibitory action of tetrade- 
cylamine salts of the saturated fatty acids. Fatty acid 
activity is essentially similar through the laurate. This 
activity decreases with fatty acids above 12 carbon 
atoms. For this reason we have not included our results 
with the tetradecylammonium myristate and palmitate 
but have included the results with stearate for the sake 
of comparison. It may be seen that the microbiological 
activity of the stearate was not comparable to that of 
lower fatty acids. 

The quaternary (lauryltrimethylammonium) un- 
decanoate was also tested and showed activity com- 
parable that of the tetradecylammonium 
undecanoate. 

The approximate oral LD; in mice of the tetra- 
decylammonium undecylenate (5 per cent suspension 
in gum acacia) was 7 g per kg. 


to 


DiscussION 

A comparison of the microbiological activity of certain 
fatty acid salts of primary, secondary, and tertiary 
amines showed that the activity appeared to be 
governed by both the amine and the fatty acid. 

Although it is known that the shorter chain aliphatic 
amines, for example n-dodecylamine, show a greater 
activity than the higher amines, that is, above 12 
carbon atoms, they are also reported to be irritating to 
the skin. For this reason we have used the nonirritating 
alphatie amines in our studies. The activity is also de- 
pendent upon the nature of the fatty acid. As may be 
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observed from the data, the activity above 12 carbon 
atoms is either limited or nonexistent in vitro at the 
concentrations tested; yet bacteriostatic and fungistati¢ 
action is evident from 2 to 12 carbon atoms. 

The microbiological activities of the various amine 
salts of fatty acids below 12 carbon atoms are essentially 
equal, although certain compounds, for example, tctra- 
decylamine undecylenate and tetradecylamine sorbate, 
may be more desirable in use against the dermato- 
phytes. The activity here is greater zn vitro than that 
of either undecylenic or sorbic acids. 
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SUMMARY 


Saturated and unsaturated fatty acid salts of tetra- 
decylamine and other amines were prepared and tested. 
The saturated fatty acid salts of tetradecylamine from 
C, to Cie show a high order of microbiological activity. 

Tetradecylamine undecylenate tested most 
thoroughly. It shows good activity as a bactericide and 
fungicide and is especially effective against the dermato- 
phytes Trichophyton mentagrophytes and Microsporun 


Was 


TABLE 3 


Microbiological activities of certain saturated fatty acid salts of tetradecylamine 





Test Microorganism* ae a _ 


Acetate Propionate Butanoate Octanoate 
ee eT eS 0.6 0.3 1.25 0.6 
Se eee 0.3 0.6 0.6 0.6 
S. pyogenes............ 0.6 0.6 1.25 0.6 
Lio eer 0.01 0.007 0.07 0.07 
eee 0.07 0.007 0.15 0.3 
TeEMOTOR Soi sie ace > 2.5 20.0 10.0 >20 
B. mycoides .. 0.15 0.15 0.3 0.15 
B. subtilis...... 0.6 0.3 1.25 0.6 
H.@0U....... 2.5 2.5 2.5 >20 
A. aerogenes.... 0.6 1.25 0.6 2.5 
CP ROMB 5 5 soos os cis om 0.3 0.3 0.6 0.6 
N. asteroides.... 0.6 0.6 0.6 1.25 
M. gypseum 2.5 0.6 0.15 2.5 
T. mentagrophytes . 2.5 0.3 0.3 2.5 
P.. aeruginosa 10.0 2.5 >20 >20 
S. typhosa.... 0.6 1.25 0.3 1.25 
ee 1.25 0.3 0.3 0.6 
B. ammoniagenes. . 0.3 0.6 0.3 1.25 
Alternaria sp........... 1.25 >20 2.5 5.0 
PR xen eae oere ss. 0.15 1.25 1.25 10.0 


* See table 2. 


Minimum inhibitory concentrations stated in mg % 


Tetradecylamine 


Nonanoate Decanoate Undecanoate | Laurate Stearate 
1.25 2.5 0.6 0.15 10.0 
0.6 1.25 0.3 0.3 >20 
1.25 1.25 0.6 0.3 >20 
0.07 1.25 0.07 0.007 | 0.15 
0.6 1.25 0.15 0.15 | 0.3 

>20 >20 >20 >20 | >20 
0.3 0.6 0.15 2.5 >20 
0.6 1.25 0.3 0.6 2.5 

>20 >20 >20 >20 >20 
5.0 2.5 0.6 10.0 >20 
0.6 0.6 0.6 0.6 1.25 
0.6 0.6 0.3 2.5 10.0 
2.5 0.6 0.3 2.5 >20 
5.0 0.15 0.3 0.6 5.0 

>20 >20 >20 >20 >20 
2.5 2.5 0.3 5.0 > 20 

>20 0.6 0.07 1.25 2.5 
1.25 0.3 0.3 0.6 1.25 
10.0 10.0 1.25 >20 >20 
0.6 0.15 1.25 2.5 >20 
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arbon § gypseum. Lauryltrimethylammonium undecylenate and 
ul the f N,N-dimethyloctadecylammonium undecylenate are 
istatic § also effective bactericides and fungicides. 
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Investigations of types of microorganisms occurring 
on eviscerated poultry have indicated that yeasts com- 
prise only a small percentage of the total population. 
However, numbers of yeasts have been appreciably 
larger on careasses treated with antibiotics such as 
chlortetracycline (CTC) or oxytetracycline (OTC) than 
Stearate on control birds (Ziegler and Stadelman, 1955; Ayres 
al., 1956; Silvestrini et al., 1958; Wells and Stadel- 


10.0 Bman, 1958). In addition, these workers have shown that 
a the tetracyclines inhibit the rapid development of 


0.15 geacteria on processed poultry. Ayres et al. and Wells 
0.3 §and Stadelman have proposed that if the bacterial 





> 20 population is maintained at a minimum, substrate is 
> 20 then available for the growth of yeasts. Additional 
i Pas lactors probably are involved; for example, Whitehill 
$20 (1957) has presented evidence that the bacterial flora on 


1.25 meat produced substances which limited the growth of 
10.0 Byeasts. Thus, the inhibitory action of the antibiotics 


> 20 caused changes in the bacterial population favoring de- 
5.0 
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velopment of yeasts. No direct evidence has been pre- 
sented to show that the tetracyclines per se act as 
growth stimulants for yeasts occurring on poultry; how- 
ever, stimulation of growth of Candida albicans, a 
pathogenic yeast, has been attributed to the tetra- 
cyclines (Moore, 1951; Pappenfort and Schnall, 1951; 
Huppert e¢ al., 1953; Carpenter, 1955a, b). 

Since both OTC and CTC have been approved by the 
United States Food and Drug Administration for use 
on commercially processed poultry, yeasts that de- 
velop on the skin and lean surfaces have assumed 
greater importance than before because they may con- 
tribute to spoilage of the product and be of public 
health significance. Rhodotorula, Torulopsis, Sac- 
charomyces, and Candida have been some of the genera 
frequently isolated from poultry meat (Walker and 
Ayres, 1956; Njoku-Obi et al., 1957; Wells and Stadel- 
man, 1958). 

The purposes of this study were to characterize yeasts 
isolated from eviscerated poultry in refrigerated storage 
and to determine if tetracycline antibiotics acted as 
growth stimulants for yeasts when these antibiotics 
were used to prolong the- storage life of processed 
poultry. 
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METHODS AND MATERIALS 


Commercially processed chickens were immersed for 
120 min in an aqueous solution containing 10 or 30 ug 
per ml of CTC. Before packaging the chicken in poly- 
ethylene bags, the surfaces were sampled by swabbing. 
Samples were taken also after 2, 4, 6, 8, 10, 12 and 14 
days of storage at 4 C. Yeasts were isolated on acidified 
malt agar (pH 4.5) and maintained on malt agar slants 
stored at 4C. Before determining physiological and 
morphological characteristics of the isolates, they were 
plated twice successively on acidified malt agar. Single 
colonies were selected for characterization. To minimize 
duplication, 39 of 200 original isolates were selected for 
further study on the basis of colonial growth, appear- 
ance on malt agar streaks, cell morphology, and re- 
action in glucose, sucrose, and lactose broths. Cultural, 
morphological, and biochemical characteristics of these 
39 cultures were determined in accordance with methods 
of Lodder and Kreger-Van Rij (1952). Carbohydrate 
and nitrate assimilation were determined by the 
auxonographic method (Lodder and Kreger-Van Rij, 
1952) and by growth in liquid media (Wickerham and 
Burton, 1948). 

Four different media, malt agar, V-8 agar (Wicker- 
ham et al., 1946), Czapek’s agar, and Gorodkowa’s 
agar, were inoculated in duplicate in order to induce 
spore formation. One of each pair of plates was incu- 
bated at room temperature (24 + 2C); the other 
at 30 C. 

The effect of CTC, OTC, and tetracycline (TC) on 
growth of these isolates was determined by the sensi- 
tivity disc technique (Carpenter, 1955a) and by volume 
of cells produced. The sensitivity disc technique con- 
sisted of making a streak plate or a pour plate and then 
placing on the plate 4 in. antibiotic assay discs satu- 
rated with aqueous solutions containing 10, 30, 50, or 
100 ug per ml of the respective antibiotics. The plates 
were incubated at 15 C and observed for growth en- 
hancement around the discs after 1, 2, and 3 weeks. 
This temperature was selected for incubation as the 
product from which the yeasts were isolated was held 
in refrigerated storage and also because the antibiotics 
were more stable at this temperature than at higher 
temperatures. Since plates were poured to obtain a 
thick layer of agar, dehydration was not excessive and 
did not limit growth. Three different media were used: 
nutrient agar, malt agar, and trypticase soy agar. 

Cell volume was determined by centrifuging the cells 
from equal amounts of broth in calibrated sedimenta- 
tion tubes. Comparisons were made of the volume of 
cells obtained from broth cultures containing 0, 10, 30, 
50, or 100 ug per ml of the respective tetracycline anti- 
bioties. Media used were malt extract broth, nutrient 
broth, and trypticase soy broth. To obtain sufficient 
cells for comparison, a 3-week incubation period at 
15 C was used. 
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In addition to the tests described above, plate counts 
were made of the total numbers of yeasts growing i: the 
presence and in the absence of CTC. A represent:itive 
of each of the eight types of nonpigmented yeasts was 
inoculated into tubes containing nutrient broth plus 0, 
1, 2, or 4 wg CTC per ml. The cultures were incubated 
at 15 C. Total counts of yeasts were made at 0, 1, 3, 5, 
7, 10, and 14 days on malt agar acidified to pH 4.5 and 
incubated at 30 C for 4 days. 

Two of the eight yeasts used above, a Torulopsis sp. 
and a Candida sp. were examined for concomitant 
growth with Pseudomonas fluorescens. Nutrient broth 
or nutrient broth containing CTC was inoculated as 
follows: (a) P. fluorescens only, (b) P. fluorescens plus 4 
ug CTC per ml, (c) Torulopsis sp. or Candida sp. only, 
(d) Torulopsis sp. or Candida sp. plus 4 yg CTC per ml, 
(e) Torulopsis sp. or Candida sp. plus P. fluorescens, and 
(f) Torulopsis sp. or Candida sp. plus P. fluorescens plus 
4 wg CTC per ml. Eighteen- to 24-hr cultures incubated 
at 30 C were used for inocula. The tubes were incu- 
bated at 15 C. Total numbers of yeasts were deter- 
mined on malt agar acidified to pH 4.5 and incubated at 
30 C for 4 days. Total numbers of bacteria were deter- 
mined on nutrient agar incubated at 15 C for 4 days, 
Sodium tungstate was added at a concentration of 32 
ug per ml before pouring the media in order to neutral- 
ize any CTC transferred during sampling (Jay et al., 
1957). 


RESULTS AND DISCUSSION 


The types of yeasts isolated from eviscerated poultry 
are shown in table 1. These organisms are nonascospore- 
forming, pigmented, and nonpigmented yeasts. Three 


TABLE 1 
Yeasts isolated from poultry 


| No . oe ? 
d Differences from Species as Described 
Charac- |by Lodder and Kreger-Van Rij (1952) 





Species 
terized 





Starch formation in 9 of the 
cultures 


Trichosporon pullulans | 14 


Torulopsis glabrata or | 7 | Assimilated nitrate 
T. inconspicua 
Torulopsis famata | 4 | Slight acid in glucose, su- 
crose, maltose, and galac- 
tose 
Candida rugosa 1 | Assimilated nitrate 
Candida scottii 3 | Slight acid from glucose and 


| | maltose; 2 cultures did 
not peptonize milk 


Candida krusei : | oo 

Candida intermedia 2 | Assimilated nitrate 

Candida pelliculosa 2 | No ester odor; acid from 
glucose, galactose,  su- 

crose, and maltose 
Rhodotorula aurantiaca 3 — 
Rhodotorula mucilag- | 2 _ 
inosa 
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different attempts were made to induce ascospore forma- 
tion on four media specifically advocated for this 
purpose but repeated examination failed to reveal spores 
in any of the cultures. 

Morphological, cultural, and biochemical character- 
istics of the pigmented yeasts were similar to those 
described by Lodder and Kreger-Van Rij (1952) as 
representative or typical of Rhodotorula aurantiaca and 
R. mucilaginosa. Characteristics of the nonpigmented 
yeasts permitted segregating them into three groups; 
namely (a) those organisms resembling T'richosporon 
spp., (b) those resembling T’orulopsis spp., and (c) those 
resembling Candida spp. 

Nine of the cultures tentatively classified as T'richo- 
sporon spp. produced starchlike material which, ac- 
cording to Lodder and Kreger-Van Rij (1952), is 
indicative of Cryptococcus spp.; however, these organ- 
isms produced mycelial formations and otherwise closely 
resembled Trichosporon pullulans. Such a grouping is 
supported by the observation of Aschner and Cury 
(1951) that certain species of Trichosporon produce 
starchlike material. In addition, Lodder et al. (1958) 
have stated that 7’. pullulans is noted for its ability to 
grow at low temperatures and have identified certain 
yeasts isolated from refrigerated beef as being strains of 
T. pullulans and Candida scottit. Therefore, the growth 
of these species on poultry held under refrigeration 
could easily occur. 

No distinction was made between the organisms re- 
smbling Torulopsis glabrata and T. inconspicua as 
these species are similar in many of their characteristics. 
The main difference between these two species is in their 
fermentative capacity (Lodder and Kreger-Van Rij, 
1952). 

Some of the characteristics that help to distinguish 
the genera Candida, Trichosporon, Torulopsis, and 
Cryptococcus from one another have been pointed out 
by Lodder and Kreger-Van Rij (1952). Torulopsis spp. 
produce no pseudomycelia or starchy material and 
seldom form a pellicle. Candida spp. produce chlamydo- 
spores, blastospores, true mycelia, and pseudomycelia. 
Cryptococcus spp. produce starchlike material, and oc- 
casionally form a pellicle with the entire contents of the 
flask becoming a slimy mass but form no pseudomycelia. 
Members of the genus T'richosporon form abundant 
pseudomycelia, true mycelia, blastospores, and arthro- 
spores. Torulopsis spp. generally have fermentative 
ability; Candida spp. have limited fermentative ca- 
pacity, whereas Cryptococcus and Trichosporon spp. 
rarely, if ever, ferment sugars. 

Although in this work only four genera (Rhodotorula, 
Trichosporon, Torulopsis, and Candida) were observed, 
other types have been reported. For example, Ziegler 
and Stadelman (1955) noted from stained smears that 
yeasts having the shape and budding characteristics of 
the family Saccharomycetaceae together with gram 
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negative rods, formed the predominant flora of spoiled 
chicken meat pretreated with CTC. Later Wells and 
Stadelman (1958) identified the predominant yeasts at 
the time of spoilage as species of Rhodotorula and 
Torulopsis. Njoku-Obi et al. (1957) found both Sac- 
charomyces cerevisiae and S. dairensis in addition to 
species of Rhodotorula, Torulopsis, and Candida on 
poultry. The results of these studies would indicate that 
several genera of yeasts are common contaminants of 
eviscerated poultry. 

Njoku-Obi et al. (1957) isolated Candida parapsilosis 
from eviscerated poultry and suggested that under 
certain conditions this organism could be of public 
health significance. However, Lodder et al. (1958) did 
not consider this organism ordinarily to be pathogenic 
in nature. In the present study, none of the isolates 
were identified or characterized as pathogenic species of 
yeasts; and, therefore, none were considered to be of 
public health significance. 

With the prolonged use of broad spectrum anti- 
biotics for therapeutic purposes, Candida albicans has 
frequently developed and become predominant in 
certain infections. This predominance, in some instances, 
has been attributed to growth stimulation by tetra- 
cycline antibiotics (Moore, 1951; Pappenfort and 
Schnall, 1951; Huppert et al., 1953; Carpenter, 1955a, 
b). Since increased numbers of yeasts occur on eviscer- 
ated poultry treated with tetracyclines, the question 
has been raised if these antibiotics serve as growth 
stimulants when used for preservative purposes. How- 
ever, with both the sensitivity dise technique and cell 
volume measurements, no growth enhancement was 
observed in any of the 39 isolates in the presence of 
CTC, OTC, and TC at levels of 10, 30, 50, or 100 
ug per ml. 

In raw poultry tissue, the concentration of antibiotic 
found after several days of storage has been reported to 
be approximately 1 yg per g when solutions of 10 ug per 
ml have been used to immerse the birds (Anderson et al., 
Silvestrini et al., 1958; Walker and Ayres, 1958). There- 
fore, concentrations that were more in line with those 
observed in poultry tissue were examined for their 
effect on growth. Figure 1 shows that throughout a 14- 
day period there was no increase in the total numbers of 
yeasts growing in the presence of 1, 2, or 4 ug CTC per 
ml when compared to the total number growing in the 
absence of the antibiotic. Similar results were obtained 
and plotted for the other 6 isolates but are not shown. In 
all instances, the maximal count for all levels of anti- 
biotic seldom exceeded 5 X 10’ yeasts per ml when 
grown in nutrient broth. 

Figure 2 shows that, when either a Candida sp. or a 
Torulopsis sp. was grown in the presence of P. fluo- 
rescens, the maximal number of yeasts was not as high 
as in the absence of the bacteria. However, if CTC were 
added to a mixture containing one of the yeasts and P. 
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fluorescens, the maximal number of yeasts became the 
same as that found in the control. The presence of 
yeasts had no apparent effect on the growth of the 
bacteria. Addition of CTC caused a pronounced lag in 
growth of the bacteria; however, the degree of in- 
hibition was not as great when CTC was added in the 
presence of yeasts. The curves showing the growth of 
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Figure 1. The effect of chlortetracycline added to nutrient 


broth on the growth of two yeasts isolated from poultry. 
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P. fluorescens in the presence of either a Torulops?s sp. 
or a Candida sp. and 4 yg per ml of CTC are not shown 
but these growth curves were similar to those for the 
yeasts growing alone or in the presence of CTC. 

None of the tests showed that the addition of CTC 
to the growth medium resulted in increased numbers of 
yeasts. This agrees with the findings of Mandel ¢/ al. 
(1958) who could not demonstrate inhibition or stimu- 
lation of growth of two strains of C. albicans in the 
presence of concentrations of CTC as high as 100 yg 
per ml. It is conceivable that the growth of certain 
strains of yeast not included in this study and ordinarily 
not associated with processed poultry are stimulated 
and produce increased numbers of cells in the presence 
of tetracyclines. For instance, Huppert and co-workers 
(1953) demonstrated that concentrations of CTC of 
100 wg per ml or higher caused an increase in the total 
growth of the strain of C. albicans which they were 
using. 

Evidence indicates that an organism such as P. 
fluorescens will retard the growth of certain yeasts iso- 
lated from poultry; however, with the addition of CTC, 
the bacteria are inhibited while the number of yeasts 
increases. Whitehill (1957) observed that the bacterial 
flora developing on meat seemed to produce antifungals 
which controlled growth of yeasts. Further, it would 
appear that, in poultry, the increased numbers of 
yeasts can be explained on the basis of suppression of 
growth of certain bacteria by the tetracyclines and that 
these bacteria are then not present in large enough 
numbers to limit the growth of yeasts. 
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Figure 2. The effect of Pseudomonas fluorescens and chlortetracycline in nutrient broth on the growth of two yeasts isolated 


from poultry. 
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SUMMARY 


Thirty-nine cultures of yeasts were isolated from 
eviscerated poultry and characterized. Pigmented 
yeasts had characteristics typical of Rhodotorula; non- 
pigmented yeasts were species of Trichosporon, Torulop- 
sis, or Candida. Even though greater numbers of yeasts 
have been found on antibiotic treated birds than on 
control birds, none of the tetracyclines (chlortetra- 
eycline, oxytetracycline, and tetracycline) were shown 
to stimulate growth of these yeasts in laboratory media. 
However, in mixed cultures, Pseudomonas fluorescens 
suppressed growth of yeasts. The addition of chlortetra- 
eycline to the cultures inhibited the bacteria and per- 
mitted increased growth of yeasts. Since none of the 
isolates had characteristics typical of pathogenic yeasts, 
none were considered to be of public health significance. 
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The determination of conditions necessary to ade- 
quately heat sterilize various media is a problem of 
considerable importance in the fermentation and food 
industries, or other such areas where a lack of sterile 
techniques preclude satisfactory performance. Until re- 
cently, however, practical ways to handle this problem 
were either wholly empirical ones, or theoretical ones 
which depended on some simplifying assumptions re- 
garding the shape of the heating curve. Along the latter 
line is the development of design procedures for the 
sterilization of canned foods by Ball (1923) and Levine 
(1956), among others. 

A theoretical, yet practical and completely general, 
method for calculating heat sterilization times for 
fermentation media (as well as other liquid media), 
based on the thermal-death kinetics of bacterial spores 
and the actual heating curve, was proposed by Deindoer- 
fer (1957). For batch sterilizations, the method in- 
volved a graphical integration of the specific reaction 
rate for thermal spore destruction along the heating 
curve. All that was required for this integration was a 
knowledge of the temperature dependence of the 
specific reaction rate. For isothermal portions of the 
heating curve a simple analytical integration was pos- 
sible, as the specific reaction rate remained constant. In 
certain types of continuous sterilizers this simple 
integration was sufficient to determine the time-tem- 
perature relationship for any desired degree of sterili- 
zation. 

Humphrey (1957) was successful in analytically 
integrating the specific reaction rate over certain non- 
isothermal periods of a batch sterilization. Also, the 
integrated solutions for several temperature-time 
profiles of an element of medium flowing through con- 
tinuous sterilizers were presented by Deindoerfer and 
Humphrey (1958) in a discussion of the principles enter- 
ing into the design of these units. 

This paper reviews briefly the underlying theory of 
heat sterilization and develops, using this theory and 
common expressions for heat transfer in various equip- 
ment, the analytical integrations mentioned above. The 
practical solution of many sterilization problems can be 
carried out directly by employing the equations de- 
veloped. Values of difficult to compute exponential 


integral functions occasionally needed for particular 
solutions of these equations are also included in this 
work. 
THEORY 
Thermal destruction of bacterial spores may be cor- 
related by apparent first-order reaction kinetics. The 
rate of destruction at a particular temperature is mathe- 
matically represented by equation 1. 
dN 
dt 





= —kN (1) 


See the nomenclature at the end of this report for an 
explanation of any unfamiliar symbols. 

Sterilizations are designed to reduce the viable spore 
population from its initial value to some predetermined 
level adequate for the degree of sterilization desired. An 
expression of this objective results from the integration 
of equation 1 over a particular time interval. 





No ; 
vV=I—= | k dt (2) 
N 0 
In this expression, V, the design criterion is a measure 
of the size of the job to be accomplished. The solution 
of the integral on the right hand side of equation 2 leads 
to useful expressions for evaluating and predicting the 
performance of a sterilizing unit. A confronting problem 
exists, however, in expressing k as an explicit function of 
t. This problem will be handled for several types oi 
sterilizers in subsequent developments through the 
kinetic relationship of k with absolute temperature, and 
the relationship of temperature, in turn, with time, 
through heat transfer rate and heat balance equations. 
It is assumed that the relationship between the spe- 
cific reaction rate for spore destruction and absolute 
temperature follows the familiar Arrhenius equation.’ 


k = Be?" (3 


The same type of relationship can be obtained by 


1 This appears a realistic assumption based on isothermal 
experiments. Whether it is applicable to the dynamic cas 
where temperature changes rapidly over a time interval cal 
be questioned. Research is currently under way to establis) 
the validity of this assumption. 
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applying the theory of absolute reaction rates to the 
thermal destruction process. 


k os rT: eS AH*/RT (4) 


Equation 4 sheds more light on the significance of the 
constant B in equation 3 since, for all practical pur- 
poses, equation 4 can be reduced to an expression 
identical to equation 3. 

Application of absolute reaction rate theory to the 
thermal denaturation of biological substances is dis- 
cussed by Johnson ef al. (1954). They, and Pollard 
(1953), visualize thermal inactivation resulting from the 
intramolecular breaking of bonds in activated molecules, 
thus rearranging the molecular structure and resulting 
ina change in biological activity. More recently Charm 
(1958) suggested that activated water molecules strik- 
ing sensitive areas of the spore cause its inactivation. 
Based on this model he derives an equation similar to 
equation 3. 

Substitution of the Arrhenius expression for k 
(equation 3) into equation 2 yields the integral which 
will be evaluated for a number of sterilization cases. 

t 
vaBfea (6) 
“0 

The use of equation 5 and its analytical integration 
requires a tacit assumption to be made. The Arrhenius 
equation must represent the data over the temperature 
range of the sterilization. In other words, » must re- 
main constant. As a matter of convenience in determin- 
ing a value for V, it is also assumed that the entire 
bacterial population consists of spores of the design 
species. Although this latter assumption is incorrect, 
it offers a logical basis for design with an appropriate 
safety factor if the most heat resistant spores in the 
medium are used as the design species. 


STERILIZATION CASES 


Various common methods of sterilization that will be 
considered here are listed below.? Applications are illus- 
trated in figures 1 and 2. 

A. Batch sterilization 

1. Constant rate of heat flow 
a. Constant rate of addition to medium mass 
(figure la) 
b. No change in medium mass (figure 1b) 
2. Changing rate of heat flow 
a. Isothermal heat source or sink (figure 1c) 
b. Nonisothermal heat source or sink (figure 


1d) 


* Another common method of sterilizing media in fermentors 
of pilot plant size is to simultaneously sparge steam into the 
vessel and into the vessel jacket or coils. This leads to a heating 





rval cal 
establish 





curve which does not permit analytical integrations of the type 
what will be illustrated. The sterilization time for this case can 
de calculated best by the graphical procedure described by 
eindoerfer (1957). 


HEAT STERILIZATION 





B. Continuous sterilization 
1. Constant rate of heat flow 

a. Constant energy loss (figure 2a) 

b. Nonisothermal heat source or sink with 
equal and countercurrent mass flow (figure 
2b) 

2. Changing rate of heat flow 
a. Isothermal heat source or sink (figure 2c, d) 
Situations which can be treated as constant rate of 
heat flow cases include the batch heating of media by 
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Figure 1. Methods of heating and cooling during batch steri- 
lizations. 
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Figure 2. Methods of heating and cooling during continuous 
sterilizations. 
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direct steam sparging, or by electrical heaters, and the 
continuous cooling of media due to energy losses in a 
flow-type sterilizer. Cases where media are heated by : 
chamber or coils containing constant pressure con- 
densing steam, or cooled by a constant temperature 
water bath, fall in the category of changing rate of heat 
flow from or to isothermal sources or sinks. Media which 
are heated or cooled by sources or sinks, which themselves 
cool or heat as heat is transferred, constitute the changing 
rate of heat flow, nonisothermal source or sink category. 

The complexity of the general countercurrent flow- 
type sterilizer case does not permit an analytical solution 
by the procedures outlined in this paper, except for the 
special condition of a countercurrent source or sink 
which is equal in mass flow rate and heat capacity to the 
medium being heated or cooled. This condition, how- 
ever, reduces the situation to a case of constant rate of 
heat flow. 


+) 


Types oF TEMPERATURE-TIME PROFILES 


For batch sterilizations the temperature-time profile 
is simply the heating curve of the medium in the par- 
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ticular vessel. The entire contents of the sterilizer js 
always at a common, but usually varying, temper: ture. 
For continuous sterilizers, corresponding curves ¢:in be 
constructed by visualizing the temperature change in ay 
element of medium as it flows through the sterilizer, 
Equations describing the temperature change with time 
for the sterilization cases under consideration can he de- 
rived from heat balance and heat transfer rate equa- 
tions.* Several equations are worked out by Kern 
(1950); others can be derived in a similar manner. The 
derived equations for the cases under consideration 
illustrated in figures 1 and 2 are tabulated in table 1, 
Notice that all these cases reduce to one of three equa- 
tions. They are either linear, and of the form 


T = X(11 + Kt) (6) 
or exponential of the form 
T = 3(1 + be-**) (7) 


\ 


’ Another assumption made is that the over-all heat transfer 
coefficient remains constant. Although it varies with tempera 
ture slightly, the variation is small enough so that an average 
coefficient is sufficient in these equations. 


TABLE 1 


Portion and Type of Cycle 
(Sterilizer) 


Batch heating with constant rate | Hyperbolic 


Temperature-time profiles of various portions of sterilization cycles 


Temperature-Time Profile b K 3 
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or hyperbolic of the form 


or Aa Kt 
T= a(1 + nt ) 


where 3, b, K, and r are general parameters character- 
istic of each individual case as described in table 1. 
These temperature-time profiles (equations 6 to 8) are 
illustrated in figure 3 for media being heated and 
cooled. 


(8) 


ANALYTICAL INTEGRATION 


Substitution of each of the general temperature-time 
profiles (equations 6, 7, and 8) into equation 5 results in 
integrals which can be solved analytically. The integra- 
tions are carried out as follows: 


; : : iv 
In the following integrations, let a = R3 
Linear temperature-time profile: 
t 
v= B | por ae (9) 
0 
: ; a 
Change variable by letting « = ———~, then 
‘aes ee Tek 
aK dt adx 
ly = - é and dt = —— 
” a+ Kp: * Ke 


When ¢ = 0, x = a. Substitute the new variable x for t, 
then 


a/(1+Kt) —F 
e 


ee 
K a bi 





v= dx (10) 


Equation 10 can be written 

Ba [f° e* Ba [* e* 

—— —dx + —> — AL 

Kw = K Jojatxin 2 
The integrals in equation 11 are second-order expo- 
nential integrals which have been numerically evaluated 
for various values of their lower limits, or arguments. 
tewritten in common mathematical notation 


Ba} ,, a ae 
7 = Bal, (, + xi) = x(a) | 


HEATING CURVES 


v= 








(11) 


(12) 


COOLING CURVES 
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Figure 83. Temperature-time profiles for heating and cooling 
portions of sterilization cycles. 
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where, by definition, 
io(z) = [Ga (13) 
Exponential temperature-time profile: 
v=B [ genes (14) 
Change variables by letting « = i ago , then 
dx = Ke and dt = Keg 


When ¢ = 0,2 = Tp: Substitute the new variable x 
for ¢, then 
Ba a/(1+be—Kt) ie 
v= / i 


K Jajays) — e(a — 2) 


(15) 


Using partial fractions, equation 15 can be written 





a/(l+be—Kt) —z a/(1+be—Kt) — 
B f* e B € 
V=s —dxr+ = = dx 
K a/(1+b) K a/(1+b) a= J 


Change variables in the second integral by letting 
y = x — a, then 


x=yt+a and dz = dy 
Substitute the new variable y for x, then 


a/(1+be—Kt) —zx 
_§# e 


v K — dx 
a/(1+b) xv ) 
Re na/(1+be—Kt)—a ee” (16) 
—- > — dy 
K a/(1+b)—a y 
{quation 16 can be written 
B io] id B 2] Ee 
V= = —dxr — — — dx 
K a/(l+b) K a/(l+be—Kt) W 
tall e” 
one “ay (17) 
K a/(1+b)—a Y 
Be“ [{* e” 
+ ——— — dy 
K  Jajapbe-Kty-a Y 


All the integrals in equation 17 are first-order expo- 
nential integrals which have been numerically evalu- 
ated for various values of their lower limits, or argu- 
ments. Thus 


By = a a 
"yy [a (4) " (i =) | 
_ Be*) 7 (4 __ 
"Ei" iss ™ 
ny a 
ANTS bem 2 


(18) 
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where, by definition, 


E,(z) = | — dx (19) 


2 


Hyperbolic temperature-time profile: 
For this case, let p = K + r. Then equation 8 can 


be written 
1 + pl 
ee pe x 
(; + =) 





Alse, 
t 
v=B I iia (20) 
0 
Change variables by x = roe then 
(-—— : and dt = rp) dx 
r— pr (r — px)? 


When ¢ = 0, x = 1. Substitute the new variable z for ¢, 
then 


l+rt/1+pt Td 
v=Br- / - de 2 

(r — p) se dx (21) 

Change variables again, letting 
y= on (r — px), 
then 
y=S(r-py, x= 547 

p a p 

and 


Substitute the new variable y for x, then 


—ar/p a(1+rt)/(1l+pt)— - 
Bir aes p)ae | TT U+rp ar/p e y 
a 


y? 





9 


p 


—ar/p 


Let m = . and recall that p = K + r. Equation 22 


can then be written 





Bake” [* e* 
v= -—, —, dy 
p a—m Y~ 
99 
BaKe” [{* atl ' 
p" a(l+rt)/(lt+pt)—m Y” 


The integrals in equation 23 are second-order expo. 
nential integrals, which can be rewritten 


BaKe™ 
cs 


p" 


[a ‘a (++) - mh — Ex(a — m) | 


where E,(z) is as defined in equation 13. 

When the individual characteristics for the variou 
sterilization cases are substituted for the gener 
parameters a, b, K, and r into equations 12, 18, and 24, 
these equations become the particular design equation: 
for the respective cases. These equations are sum 
marized in table 2. The parametric expressions wer 
listed in table 1. 





(24 


EVALUATION OF EXPONENTIAL INTEGRAL FUNCTIONS 


The first and second order exponential integral fune- 
tions, appearing in equations 12, 18, and 24 and de. 
fined in equations 13 and 19, have been numerically 
evaluated and graphically represented for positive 
arguments as large as 33 and negative arguments 3 
large as —21 in reactor handbooks edited by Rockwel 
(1956) and Hogerton and Grass (1955). They appear 
tabulated in table 3 for positive arguments up to 1i 


Above this argument, the following approximatioi} - 


yields a satisfactory value: 


7, 


é . 
E,(z) = ae (25 
zZ 


Thus, for large arguments as are common in mall 


sterilization operations, the integral can be evaluated) 
by simple computation. Usually, too, where the func} 


TABLE 2 


Design equations for various temperature-time profiles 





Type of Profile 
(Sterilizer) 





Design Equation 





Linear (figure 1b; 2a, b) 


Exponential (figure 1c, d; 2c, d) B E ( a 
1 


Hyperbolic (figure 1a) 
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tions appear in a design equation as a difference, one is 
sufficiently larger than the other so that the smaller 
yalue can be neglected. A rule of thumb to follow here 
is that, Whenever one argument is larger than another 
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(25 ‘ i 
by six or more, its functional value will be small enough 
to neglect. 
eXpo- APPLICATION OF DESIGN EQUATIONS 
To illustrate the facility of the equations developed, 
the following example of a batch sterilization is cited. 
(24 TABLE 3 
Exponential integral functions* 
Ex(z) E2(z) 4 Ex(z) E2(z) 
ariouf, 0.1 1.823 7.23 7.2) 9.22 X 10-5] 1.150 
ener} 0.2 | 1.228 2.87 7.4| 7.36 8.96 X 10° 
nd 24. 0-3 | 9.06 X 107) 1.563 | 7.6) 5.89 6.99 
tions 0.4 | 7.02 9.74 X 107] 7.8] 4.71 5.46 
Mone 0.5 | 5.60 6.52 | 8.0| 3.77 4.27 
sum 
s were 0.6 | 4.54 4.61 8.2} 3.02 3.34 
0.7 | 3.74 3.35 8.4| 2.42 2.62 
0.8 | 3.11 | 2.51 8.6) 1.936 2.05 
rions | 0.9 | 2.60 1.916 8.8| 1.552 1.610 
1.0 | 2.19 1.485 9.0) 1.245 1.265 
| fune- | 
nd def 1.2 | 1.584 | 9.26 X 10-2) 9.2) 9.99 X 10°" 9.95 X 1077 
ricallyf 1.4 | 1.162 | 5.99 9.4] 8.02 7.82 
ositiveg 1-6 | 8.63 x 10-7 3.99 9.6) 6.44 6.16 
ts ae 18 | 6-47 | 2.71 9.8| 5.17 4.85 
mis 9.0 | 4.89 1.877 10.0) 4.16 3.83 
ck well 
appeif 2.2 | 3.72 1.317 10.2| 3.34 3.02 
to 1i—— 2.4 | 2.84 | 9.36 * 1073/10.4| 2.69 2.39 
mationp, 2-6 | 2.19 6.72 10.6| 2.16 1.887 
2.8 | 1.686 4.86 10.8) 1.740 1.492 
3.0 | 1.305 3.55 11.0} 1.400 1.180 
(25h 3.2 | 1.013 2.60 11.2) 1.127 9.35 X 10-8 
3.4 | 7.89 X 10-3) 1.925 /11.4| 9.08 X 1077] 7.40 
} 3.6 | 6.16 1.430 11.6) 7.31 5.87 
man 3.8 | 4.82 1.067 |11.8) 5.89 4.65 
uluatel} 4.0 | 3.78 8.00 X 10-4 12.0) 4.75 3.69 
e func}) | 
4.2 | 2.97 | 6.02 12.2| 3.83 2.93 
4.4 | 2.34 | 4.54 2.4) 3.08 | 1.848 
4.6 | 1.841 3.44 12.6] 2.49 | 1.469 
_f} 4.8 | 1.453 2.62 /12.8) 2.01 | 1.165 
5.0 | 1.148 | 1.993 (13.0) 1.622 | 1.025 
—H 5.2 | 9.09 X 10-4) 1.523 /13.2) 1.309 | 9.30 X 10-° 
5.4 | 7.20 1.166 13.4) 1.057 | 7.40 
| 5.71 8.95 X 1075/13.5| 8.53 X 1078) 5.89 
4.53 6.88 13.8} 6.89 | 4.69 
3.60 5.30 14.0) 5.57 | 3.74 
| 
| | 
2.86 4.10 /14.2) 4.50 | 2.98 
2.28 3.17 14.4) 3.63 | 2.38 
1.816 | 2.45 |14.6) 2.94 | 1.896 
: 1.448 1.903 14.8} 2.37 | 1.513 
1 7.0 | 1.155 1.479 /15.0) 1.919 (1 











* Adapted from Hogerton and Grass (1955). 
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The use of the equations in designing sterilization con- 
ditions in continuous sterilizers has also been described 
by the authors (1958). 

Example. Large industrial fermentors containing raw 
medium often are sterilized by passing steam through 
the air sparger until a desired sterilization temperature 
is reached. The medium and fermentor are maintained 
at this temperature for a prescribed amount of time, 
and then cooled by passing water through coils located 
within the fermentor. Obviously, some contribution to 
the sterilization occurs during both heating and cooling 
the fermentor. The problem then is one of assessing the 
sterilization accomplished during these portions of the 
sterilizing cycle and calculating the necessary holding 
time at so-called sterilization temperature required to 
complete the desired sterilization. Consider this prob- 
lem where the following conditions prevail. 

1. The fermentor contains 12,000 gallons of a raw 
medium which in periodic laboratory checks has con- 
sistently shown a bacterial count in the neighborhood 
of 20 X 10° cells per gal. It is desired to reduce this 
population to such an extent that the chance for a con- 
taminant surviving the sterilization is 1 in 1000. 

2. During heating, 50 psig saturated steam is passed 
into the fermentor at a rate of 200 lb per min, until the 
temperature reaches 250 F, the desired sterilization 
temperature. The medium is initially at 130 F. The 
enthalpy of the steam relative to 130 F water is 1091 
BTU per lb. 

3. In cooling the fermentor, 4000 lb per min of 50 F 
water passes through coils until a process temperature of 
85 F is reached. The coils have a heat transfer area of 
400 ft? and for this operation the average over-all heat 
transfer coefficient for cooling is 120 BTU per 
hr < i? x “P. 

4. The most heat resistant bacterial spores in the 
medium are characterized by an Arrhenius coefficient of 
1 X 10%? sec and an activitation energy of 67,700 
eal per gmol for thermal destruction. 

The design criterion can be calculated from condition 
1 using equation 2. 

No 


N 
(2 x 10" cells/gal) (1.2 X 10° gal) 


(1X 10 eell) 

The constant addition of steam to the medium results 
in a hyperbolic temperature-time heating profile. Using 
the equation for this case listed in table 2, it is easily 
shown that 62 min heating time are required to heat the 
medium from 130 to 250 F. The sterilization design 
equation for a hyperbolic profile, listed in table 3, is 


a ( a 4 m o(a m) 


V=lIn 


=n 








= 40.0 


- BaKe ™ 
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The factors in this equation that are known include: 


B 1 X 10%? see = 6 & 107? min! 


I| 


t = 62 min 


The remaining factors are calculated as follows: 


—— 


RS 
un = 67,700 cal/gmol 
R 
3 = Ty) = 130F = 


1.10 cal/gmol & °R 
590°R 


(67,700 cal/gmol ) 


. = 1043 
* * (1.10 cal/gmol X °R)(590°R) ; 
Teaseae hs 
ae oop. 


h = 1091 BTU/Ib 

s = 200 1b/min 
M = (12,000 gal)(8.34 Ib/gal) = 100,000 Ib 
c = 1 BTU/lb X °R 


be (1091 BTU lb) (200 Ib/min) 
~ (100,000 Ib)(1 BTU/Ib & °R)(590°R) 


= 3.70 X 10 min’ 


fei ar 
lll. m = —— 
p 
s (2 in) © an 
r= = 00 Ib/min = 2.0 X 10° min! 


M (100,000 Ib) 


p=K+r=3.70X 10 *min '+2.0X 10% min" 


= 5.70 X10 * min’ 
(104.3)(2.0 X 10° min")... 
m = —— —— = $60.6 
(5.70 X 10-3 min“) 
7 =e" = 126K 10" 
Then, 


(6 X 10°” min‘) (104.3) | 
Bake” — (3.70 X 10° min™)(1.26 X 10“) 


“a (5.70 X 10-* min)? 


= 872 x 10°" 
(; - :) 
a 
l= pt 


1+ (2.0 X 10° min ')(62 min) 


: : wad | = 86.6 
vor + (5.7 X 10- min“) (62 say | 


The exponential integral functions are, therefore, 


= (; +8) \ 
kh, " i+ nl m | 


BE. (a —m) = £,(104.3 — 36.6) F£2(67.7) 


E, (86.6 — 36.6) = E.(50.0) 


[ve L.7 


The lowest of these is evaluated using the approxi- 
mation of equation 25. Since 67.7 > 50.0 + 6.0, BF, 
(67.7) is not significant and need not be evaluated. 

FE, (50.0) = 7.10 * 10-* 
The extent of sterilization during heating is 
Vv = (8.72 X 10**)(7.10 K 10-%) = 9.8 
or almost 25 per cent of the desired sterilization. 

Cooling of the medium by cold water in coils (hatch 
cooling using a continuous nonisothermal heat. sink) 
leads to an exponential cooling curve. Under the con- 
ditions described, it will take 4 hr to cool the fermentor 
from 250 to 85 F. The design equation for the expo- 
nential cooling curve, listed in table 3, is shown below, 


Ba. a ‘ a 
silat | (, + ;) =i (, + be x) 
_ ot = a : a ] 
~ < E (, +b ‘) aa (5 be-Kt .) 


The various factors in this equation that are known 
are: 
B = 6 X 10”? min“ 
t = 240 min 
The remaining factors are calculated as follows: 


UA 


WE = 
(1—e*) 


Mec 
»= 4000 lb/min = 24 X 10! lb/hr 


— 


U = 120 BTU/hr X ft? X °F 


_ 


= 400 ft? 
(4000 Ib/min)(1 BTU/Ib X °F) 
(100,000 Ib)(1 BTU/Ib X °F) 


(120 BTU/hr x ft? x °F) (400 ft? 
(1 — e (24 X 104 lb/hr) (1 BTU/Ib x °F 


i= 


K = 7.24 X 10° min“ 
a _ # 
ll. @ R3 
5=T.. = 50F = 510°R 


0 


ven (67,700 cal/gmol) = 120.8 
(1.10 cal/gmol &K °R)(510°R) 
ag” =«36xe™ 


To = T 
ye 


Mai) 


ill. b = 


Ty) = 250 F = 710 °R 


710°R — 510°R _ 


_ 
510 °R 


0 .392 
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Then, 


> 37.2 - —) 
B : s x 10 min ~ 828 x 10°” 
k L.29 X 10-* min 


od - (8.28 x 10) (3.16 X 10°) = 2.62 x 107 
AN 
= Kt Es 0.: 309 @ -(7.2510~ 3min~!)(240min) = 0.069 


The exponential integral functions are, therefore: 


120.8 
= F,(86.8 
z.(-*;) - z, (35) senened 
120.8 
= = F\(113.0) 
i (t= = (735) - 


E, (4 47 ‘4 E,(86.8 — 120.8) = 


(ia F£\(113.0 — 120.8) = Fi(—7.8) 
e° 


Since 113.0 > 86.8 + 6.0 and —7.8 > —34.0 + 6.0, 
the funetion of the larger argument of each of these 
pairs will not be significant in the sterilization calcula- 
tion. The other functions are evaluated using equation 


2. 


Ky ( — 34.0) 


FE, (86.8) = 2.01 XK 10-” 


EK, (—34.0) —1.82 <* 10% 


Bay extent of sterilization during cooling is 
= (8.28 x 10”*)(2.01 XK 10-*) 
— (2.62 X 10-”)(—1.82 x 10") 
= 2.6 + 7.5 = 10.1 
or slightly more than 25 per cent of the sterilization. 
Now since 
Vrotal = Vheating + Vhotding + Veooling 


Vuolding = 40.0 — 9.8 — 10.1 = 20.1 





At 250 ‘ the velocity constant for thermal death is 
183 min. The required time at so-called sterilization 
emperature is therefore 

Vv 20.1 


i= = 


i x 11.0 min 


3 min“ 

Thus, the sterilization time needed is shortened con- 
iderably (in this example almost 50 per cent) by long 
heating and cooling periods in the sterilization cycle. 


SUMMARY 


The equations developed in this paper make it 
ialytically possible to calculate the degree of steriliza- 
fon accomplished during portions of sterilization cycles 
here temperature Their incorporation — in 
terilization design procedures permits a simplified and 
tional approach to calculating the degree of steriliza- 
on in the over-all process. One should be aware that 


varies. 
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the basic assumption in their development is that spore 
destruction rates can be correlated by an Arrhenius- 
type relationship over the temperature range of the 
sterilization. This assumption is believed valid on the 
basis of the success of similar though approximate de- 
sign procedures employed for heat sterilization caleu- 
lations in the food industry. A suggested safety factor is 
introduced when the entire contaminant population is 
assumed to consist of the most heat resistant spore 
species. 


NOMENCLATURE 


a = parameter in design equations, equal to u/R3, dimen- 
sionless 

A = surface area across which heat transfer occurs during 
sterilization, ft? 

b = temperature ratio in design equations, 
table 1, dimensionless 

B = constant in Arrhenius equation, sec”! 

¢ = specific heat of medium, sources and sinks, BTU/Ib 
x °F 

g = constant in absolute rate theory equation, sec X 
°Rankine™ 

h = enthalpy of steam relative to raw medium tempera- 


ture, BTU/1b 


defined in 


k = specific reaction rate for thermal spore destruction, 
sec”! 

K = time parameter in design equations, defined in table 
1, .see"* 

m = parameter in design equation, equal to ar/p, dimen- 
sionless 


M = initial mass of medium in batch sterilizer, lb 
V, No = number of viable spores, number of viable spores 
initially present 
p = time parameter in design equation, equal to K + r, 
sec! 
q = rate of heat transfer, BTU/see 
r = time parameter in design equation, equal to s/M, 
sec"! 
R = universal gas constant, cal/gmol X °R 
s = steam mass flow rate, lb/see 
¢ = time of heat exposure, sec 
T, T., Teo Tq, T 4, To = absolute temperature of medium, heat 
sink, heat sink (initial), heat source, heat source 
(initial) and medium (initial), respectively, °Rankine 
U = over-all heat transfer coefficient, BTU/sec X ft? x °F 
w = coolant mass flow rate, lb/see 
W = mass of flowing medium in contact with surface area 
A in sterilizer, Ib 
AH* = standard activation 
destruction, cal/gmol 
AS* = entropy of activation for 
destruction, cal/gmol X °R 
3 = temperature parameter in design equations, defined 
in table 1, °R 
uw = activation energy for thermal spore destruction in 
Arrhenius equation, cal/gmol 
V = design criterion for sterilization, equal to In No/N, 
dimensionless 
FE\(z), Eo(z), E,.(z) = exponential integrals of argument z, of 
first, second and the n-th order, respectively. 
The use of see as the unit time measure is arbitrary. Min or hr 
can also be used. Care should be exercised, however, to main- 
tain consistency when employing units of time measure. 


energy for thermal spore 


thermal spore 
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Properly designed continuous sterilization offers a 
method for overcoming undesirable destruction of 
nutritive quality and formation of toxic substances in 
fermentation media, two consequences often associated 
with batch sterilization. Also, operation of a pure 
culture fermentation process on a continuous basis re- 
quires a continuous supply of sterilized medium. Al- 
though this medium can be sterilized batchwise inter- 
mittently in alternate tanks in quantities large enough 
to permit, an uninterrupted supply, the ideal method 
from an operational viewpoint is continuous steriliza- 
tion. Because it often results in process improvement 
and operational advantages, continuous sterilization is 
finding increased interest in the fermentation industry. 

A number of different types of continuous sterilizers 
have been described in the literature. From a steriliza- 
tion point of view they differ mainly in their heating 
and cooling characteristics. From an operational view- 
point, they differ in their control stability, ease of 
manipulation, and operational maintainability. Each 
type is used, of course, where its particular advantages 
are most suitable. The purpose of this paper is to review 
the various types of continuous sterilizers, and, based on 
their temperature characteristics, to illustrate the use of 
recently developed analytical design methods for 

1 Presented before the Division of Agricultural and Food 


Chemistry, 134th Meeting, American Chemical 
Chicago, Illinois, September 10, 1958. 


Society, 


calculating the time needed to achieve the sterilization 
requirement dictated by a process. 


CONTINUOUS STERILIZERS USED IN 
FERMENTATION PROCESSES 


Although continuous. sterilization has been me- 
tioned in connection with fermentation processes in i 
number of review articles in such a way that one implies 
it is the chief method of sterilization in the industry, 
not many direct references to its use in specific fermet- 
tation processes are available. Some actual application 
for 12 different processes, cited in the literature, ar 
summarized in table 1. Included in this summary ar 
brief descriptions of the types of sterilizers employed i 
each application. 


Types OF STERILIZERS AND THEIR CHARACTERISTIC 


A continuous sterilizer consists of three main section: 
They are (a) a heating section, (b) a holding section 
and (c) a cooling section. Sterilizers can be classified by 


the mode of flow of nutrient medium and the manner (if 


heat transfer in each section. All of the sterilizers de 

scribed in table 1 reduce to at least one of each of thi 

three main sections illustrated in figure 1. 
Stirred-tank heating and holding sections shall not li 


considered in the ensuing discussion since very long 'f 
tention times are required in these units to achiev 


reasonable degrees of sterilization. Stirred-tank heatil 
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sections, operating at steady-state, are essentially 
instantaneous heaters and holding sections combined. 

From a sterilization viewpoint, the primary differ- 
ences among the other types of sections shown in figure 
| are the temperature characteristics of an element of 
fuid flowing through them. Figure 2 illustrates the 
temperature-time profile of an element of medium in 
each of the heating and cooling sections under con- 
sideration. The holding usually operate 
adiabatically, or nearly enough so, to be treated as 
isothermal units. Where energy losses are noticeable, a 
linear temperature-time profile may be assumed. 

An optimal sterilization results when peak steriliza- 
tion temperature is attained with minimal time ex- 
posure. In this respect, the steam injector heater is best 
because final temperature depends only upon material 


sections 
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and enthalpy balances, and not at all upon rate phe- 
nomena. Next in order of preference is the plate ex- 
changer. The plate exchanger heats medium more 
rapidly than the spiral or tubular exchanger because of 
the greater heat transfer area per unit of flowing 
medium and higher heat transfer coefficient due to in- 
duced turbulence. 

Regarding the cooling sections, the stirred-tank, or 
quench cooler with adequate heat removal capacity, is 
distinctly the best single cooler because hot medium is 
instantly cooled to sublethal temperatures by dilution 
in the colder medium. The water injector and flash 
coolers, in that order, are the next best. In a flash 
chamber, internal pressure in the process system pre- 
vents (from a sound pure culture basis) cooling below 
about 220 F. A water injector can cool to below this 


TABLE 1 


Use of continuous sterilization in fermentation processes 


Sterilizer Sections 


Process 


Heating Holding 


Bacitracin Agitated tank Same as 


Reference 
Cooling 
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2,3-Butanediol Steam injector 
Butanol, acetone, ethanol 
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Figure 1. Various types of continuous sterilizer sections 
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Figure 2. Temperature-time profiles in various heating and 


cooling sections. 
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temperature, but alone could not achieve process 
temperature without excessive medium dilution. A 
combination of these latter two methods with each 
other, or with any other cooling section, will generally 
be required. The plate exchanger is better than the 
spiral or tubular exchanger, and the immersed coil be- 
sause of the same reasons cited for exchanger heating 
sections. 

For the special case of countercurrent exchangers 
where the hot and cold streams have equal flow rates 
and heat capacities, the heating and cooling curves re- 
duce to straight-line curves. These are not illustrated in 
figure 2. They do occur frequently, however, in heat re- 
covery sections where hot medium is cooled by cold raw 
medium. 


DersiGN PRINCIPLES 


Methods for calculating heat sterilization times have 
been described by Deindoerfer and Humphrey (1957, 
1959). (See Deindoerfer and Humphrey, 1959, for 
definitions of symbols employed.) The design criterion 
for a sterilization is related to the reduction in bacterial 
count from its initial level to some selected final level 
depending upon the degree of confidence one wishes to 
place on the sterilization. The design criterion was ex- 
pressed as 


[\ou.7 


N 
The design criterion, V, is then a measure of the an.ount 
of bacteria to be destroyed and its value is char: cter. 
istic of the size of the sterilization. Since k may be re. 
lated to temperature by an Arrhenius type relationship 
(k = Be*'*"), equation 1 may be written as 


rT t 
v=ina’= [ k dt (1) 
0 


t 
v= B | cor a (2 
0 


The integration of equation 2 is accomplished by 
substituting for temperature its functional relationship 
with time. These relationships for continuous sterilizers 
appear in table 2. For adiabatic holding sections, 
integration of equation 2 is straightforward. The so. 
lution appears as equation 7 in table 3. The integrations 
for the other temperature-time profiles listed in table? 
have been presented by Deindoerfer and Humphrey 
(1959). These solutions also appear in table 3. The 
solutions involve exponential integrals of the first or 
second order, values of which are easily obtained fron 
tables, or for large arguments, from simple computation, 
The constants in the integrated equations combine into 
a number of dimensionless parameters. They are deter- 
mined from the thermal-death characteristics of the de- 
sign organism and the operating characteristics of th 
sterilizer. 


TABLE 2 


Exchanger Operation 





Heating using isothermal heat source 

Heating using countercurrent heat source of equal flow rate 
and heat capacity 

Cooling using isothermal heat sink 


Cooling using countercurrent heat sink of equal flow rate and 
heat capacity 


Temperature-time relationships in exchanger heating and cooling sections 


TABLE 3 


Type of Section 





Design equations for continuous sterilizers 
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APPLICATION OF DESIGN EQUATIONS 


The use of the design equations in table 3 will be 
illustrated in a typical but hypothetical sterilization 
carried out in each of two types of sterilizers described 
in the literature. For sake of illustration, assume the 
following sterilization requirements: 


Rate of sterile medium supply to fer 
mentors 1000 gal/hr 
Re er 3 months 

. 20 X 10° cells/gal 
Raw medium temperature ae nernesy see . oF 


oceiaaitad = .. 85F 


Design duration 
Raw medium bacterial population 


Sterile medium temperature 


Assuming that the total bacterial population is com- 
prised of the most heat resistant spore species (this has 
the effect of introducing a safety factor), the design 
criterion is then 


(20 & 10° cells/gal)(1 X 10° gal/hr) 

No (24 hr/day) (90 days) 

= — = | stat -- 
Silas N . (1 cell) 


= 38.5 


Also, assume that the most heat resistant spores in 
the medium are characterized by an activation energy 
for thermal death of 67,700 cal/gmol and a constant, B, 
in the Arrhenius equation, of 1 X 10%? see“. 

Steam injector-flash cooler sterilizer. The first type of 
sterilizer under consideration, described by Wheat 
(1953), employs instantaneous heating and cooling 
sections. The sterilizer is illustrated in figure 3. Notice 
that the hot medium is vacuum flashed. This admit- 
tedly is poor practice for strict pure culture fermenta- 
tions. It is used in this illustration as a matter of con- 
venience. 

Steam at 100 psig is available to bring the sterilizer 
toa dependable operating temperature of 290 F. The 
problem is to determine the time required in the holding 
section to achieve the desired sterilization. 

Solution. Because heating and cooling are accom- 
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Figure 3. Steam injector-flash cooler continuous sterilizer 
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plished almost instantaneously, the design equation for 
an adiabatic holding section (equation 9) is all that is 
required, 


Vv = Be“ 


The value of a can be calculated at a medium tempera- 
ture of 290 F, or 750 °R. 


=. 
RYT 
(67,700 cal/gmol) 


= BI cs cosas nen = 82.1 

(1.10 cal/gmol & °R) (750 °R) 
tearrangement of equation 7, and substitution of the 
known factors, yields a sterilization time as follows: 
(38.3) 


{= ———._.. —_—... = 12.2 see 

(LX 10" seo) (ce?) 
Thus by heating the medium to 290 F and holding at 
this tempersture for 12.2 sec the desired sterilization is 
accomplished. 

Exchanger-type sterilizer. A more complex type of 
sterilizer to consider is one described by Whitmarsh 
(1954), consisting of three plate-exchanger sections and 
a holding tank. For this illustration the holding tank is 
replaced by a tubular holding section. The sterilizer is 
shown in figure 4, along with the operating temperatures 
of the unit. The cooling section is actually two sections, 
one for heat recovery and one for final heat removal. 
The over-all heat. transfer coefficients and transfer areas 
for each section are as described below. Observing that 
the medium remains 15 see in each section, the problem 
is to calculate: first, the amount of sterilization ac- 
complished in the heating and cooling sections; and, 
second, the time required in the holding section to 
assure achievement of the desired sterilization. 

Solution. The initial heating occurs in a counter- 
current (equal flow rates) section. The final heating is 
accomplished in a section with condensing steam as an 
isothermal heat! source. Cooling is carried out in counter- 
current sections with equal flow rates of each stream. 
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Figure 4. Plate exchanger continuous sterilizer (after Whit- 
marsh, 1954). 





268 F. H. DEINDOERFER 
Then 
Vutolding section = Victal 
— (Vheating sections + Veooting sections) 


Consider first the final heating section, a case of an 
isothermal heat source. Equation 7 is applicable. 


if a , a 
se aL (, ~ :) “a (— ai) | 
Bet a : a 
— : * E (, os | _ a) — EK, (, — he-ee = a) 


The dimensionless parameters B/K, Be“/K, a, b, and 
be-**; and the integrands of the exponential arguments 
a/(1 — b), a/(1 — b) — a, a/(1 — be-**), and 
a/(1 — be-**) — a need to be evaluated in order to 
solve for V. This requires that the various factors in- 
volved in these groups first be determined. 

Determination of factors. The following information is 
known: 


t = 15 sec 
U = 785 BTU/hr X ft? X °F 
A= 251? 


w = 2.32 lb/sec 

c = 1 BTU/lb X °F 
Tx = 298 F = 758 °R 
Tc, = 225 F = 685 °R 
Tc, = 290 F = 750 °R 

uw = 67,700 cal/gmol 

B= 1 X 10*? sec! 


The time constant, K, is calculated as follows 


Where W is the mass of medium in contact with the 
exchanger surface area, A, then 


W = wt 
or 
W = (2.32 lb/sec)(15 sec) = 34.8 Ib 
and 
K — (785 BTU/hr X ft" x °F)(25 ft") 





(34.8 Ib)(1 BTU/Ib X °F) 


- —j = = 
= 564 hr’ = 0.157 sec’ 
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Determination of dimensionless parameters: 
_, 
“= pr, 
a = ‘84,700 cal/emol) ss _ gg 
(1.10 cal/gmol & °R)(758 °R) _ 
ed TH = Tc, 
a - 
758 °R — 685 °R 
pte) Sorecmeeee we RES 
) 758 OR 0.096 


be-Kt = (0.0963 e7 10-187 see ') 15 see) — (),00913 


B_ 1X 10°" see ae = 
Le eS = 6; 36.2 
K ~~ 0.157 sec 3.37 X 10 
Be = 6.37 x 10°? e 81.2 ae 40.2 
K 


Determination of exponential integral arguments: 


a $1.2 
= = 89.87 
[3° i-aa- 
a 81.2 
ae 
1 — be-Kt 1 — 0.00913 sete 
a a ae = 
"gee — a = 89.87 — 81.2 = 8.67 
a = 
fom — @ = 81.94 — 81.2 = 0.74 


Evaluation of exponential integral functions: 


-89.9 
E,(89.9) = ©°— = 112 x 10“ 
89.9 


—81.9 


E,(81.9) = © 3.08 x 10°* 


81.9 
E,(8.67) = 1.78 X 10° 
E,\(0.74) = 0.347 
Calculation of V: 
Vv = 6.37 X 10*7[(1.12 K 10-") — (3.08 X 10-*)| 
—40.2[(1.78 X 10°) — (0.347)] 
0.585 + 13.95 = 14.5 


I 


II 


Consider next the first cooling section which is 2 
countercurrent exchanger with equal flow rates, for 
which equation 8 applies. 


Ba\ ,, a aes 
Vv => bK E (sx) a) | 


To arrive at a value for V for this section, the dimen- 
sionless parameters, Ba/bK and bKt, and the integrand: 
of the second-order exponential integral arguments 4 
and a/(1 + bKt) must be determined. This require: 


prior knowledge of the various factors in these groups | 
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v= —1.095 X 10”*[(2.00 X 





Delermination of factors. The following information is 

1OWN? 
t = 15 sec 

375 BTU/hr X ft? K °F 


A = 25 ft 


W = 34.8 lb 

( = 1.0 BTU/Ib X °F 
Tc, = 75F = 535 °R 
Tc, = 225 F = 685 °R 
Tx, = 290 F = 750 °R 
Tu, = 140 F = 600°R 


u = 67,700 cal/gmol 
B= 1 X 10** sec“ 
The time constant, A, is evaluated as previously. 


K = 270 hr™ = 0.075 sec 


Determination of dimensionless parameters: 


os uM 
o RTs, 
a= (67,700 cal gmol ) = 921 
(1.10 ecal/gmol °R)(750 °R) 
— AT 
b= — 
1 Hy 
—65 °R 
b= = — 0.0866 
750 °R m= 
Ba (1 X 10°” sec") (82.1) eas 
Da _ = — 1.266 X 10 
bK  (—0.0866) (0.075 sec—) sali 
bKt = (—0.0866) (0.075 see) (15 s2e) = — 0.0976 


Determination of exponential integral arguments: 


a=.32.1 


y) 
a a 82.1 _ = 891 
1+ bKt 1 — 0.0976 


Evaluation of exponential integral functions: 


-82 1 
é —40 
(82.1) = = 2.94 X 10 
hs (82.1)? x 
789.1 
0,(89.1) = = 200 X10” 
E,(89.1 (80.1): x 10 


Calculation of V: 
10-”) — (2.94 K 10-”)| 


= 5.1 


Similar calculations on the other heating and cooling 
sections also yield V values, but, because of the lower 


temperatures involved in these sections, they do not 
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contribute significantly to the sterilization, that is, their 
V values are much less than 1. 

Thus, the remaining sterilization to be accomplished 
in the holding section at 290 F can be calculated. 


Vuolding section = 38.3 as (14.5 + 5.1) = 18.7 


The operating sections therefore contribute more than 50 
per cent of the sterilization in the heating and cooling 
of the medium. The holding time needed to complete 
the sterilization is calculated from equation 2. The 
specific reaction rate at 290 F is 3.15 see. 

18.7 


— = 5.9 sec 


t= oth 
3.15 sec 


Thus, because the medium is heated and cooled over 
a finite time interval, the holding time at peak steriliza- 
tion temperature is considerably reduced from the time 
required if the medium were heated and cooled in- 
stantaneously, as in the first example. 
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SUMMARY 


The examples cited illustrate the use of certain design 
equations for calculating the amount of sterilization 
accomplished in various sections of typical sterilizers 
described in the literature. These design equations offer 
an improved method for evaluating and predicting con- 
tinuous sterilizer performance in a rational manner. 
Comparison of the two examples used points out that, 
when heating and cooling portions of the sterilization 
cycle require finite time periods, their contribution to 
the sterilization operation can be appreciable. 
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Composting may be defined as the biologic degrada- 
tion of organic material, which contains a variety of 
readily decomposable compounds, into a relatively 
stable product or mass. A product or mass is produced 
which does not decompose or produce offensive odors 
as readily as the original material. 

Thus the chief aim of composting is to produce a 
relatively stable organic material approximately like 
that of a soil which has a carbon to nitrogen ratio of 
roughly 10:1. Such material with a low carbon content, 
when added to the soil, prevents competition for nitro- 
gen between growing plants and microorganisms. When 
asubstance with a high carbon content is added to the 
soil, the bacterial population increases enormously 
taking out the soil nitrogen which otherwise would be 
available to the plants. , 

Other important considerations for composting of 
organie materials are the reduction of bulk, ease of 
handling and storage, and prevention of offensive odors 
and accumulation of flies or other public health hazards. 

There is voluminous literature on composting deal- 
ing with the efforts and recommended procedures rang- 
ing in complexity from those of the individual home 
gardener to those of large scale processes. An excellent 
review of the literature on composting was published 
in Technical Bulletin No. 2 (1950b) which contained 
610 references with numerous summaries. In_ their 
Technical Bulletin No. 1 (1950a) there is a complete 
review of commercial composting processes as em- 
ployed abroad, particularly in Europe, and in the United 
States. 

The traditional method of composting is to place or- 
ganic debris in a pile in a suitable area and allow the 
material to decompose. Periodically, the pile is turned 
and composting is allowed to continue. By this method, 
it takes from several months to a year to obtain a com- 
posted product. 

The commercial processes (Sanitary Engineering Re- 
search Project, 1950a) in Europe, such as the Verdier, 
Beceari, and Indore methods, attempt to speed up the 
process but still require about 20 to 90 days. In these 
processes, there is little or no control of environmental 
conditions. The Dano process, which is mechanized, 


' Present address: Department of Infectious Diseases, Uni- 
versity of California, School of Medicine, Los Angeles, Cali- 
fornia. 


claims to require only 12 hr but this does not seem 
biologically reasonable. 

The Frazier process in the United States was a 
mechanical method installed at the Union Stock Yards 
in Chicago but no longer in operation. Personal inspec- 
tion of the product produced in this plant indicated an 
anaerobic process. 

The purpose of this work was to determine factors 
necessary for composting a variety of organic ma- 
terials and to develop a method for determining the 
end of the composting period. . 


MATERIALS AND METHODS 


Composting chamber and equipment. The composting 
studies were carried out in an incubator to maintain 
constant temperatures. The material to be composted 
was placed in a glass cylinder made of Pyrex tubing 
having a diameter of 6.5 em and cut to a length of 17 
cm. Each end of the cylinder was fitted with a one-hole 
rubber stopper into which was inserted a piece of glass 
tubing measuring 9 mm inside diameter. The glass tub- 
ing inside the cylinder was flush with the rubber stop- 
per and extended 4 cm outside of the cylinder. This 
served for the attachment of rubber tubing. The cylin- 
ders were incubated in a vertical position. Inside, on 
top of the bottom stopper, was placed a circular piece 
of glass cloth. This prevented the material from clog- 
ging the glass tubing and permitted a better distri- 
bution of air. 

Air was passed through the glass tubing in the bot- 
tom stopper and exhausted through the glass tubing in 
the top stopper. To prevent drying of the material un- 
dergoing composting, the air was first bubbled through 
a wash tower, containing water, by use of a sintered 
glass bulb. The water was held in the incubator at the 
same temperature at which composting was taking 
place. By this procedure it was possible to maintain 
a proper moisture content. 

The materials under investigation were fresh dried 
stock yard manure, coffee grounds obtained from a 
commercial producer of instant coffee, pear waste from 
a cannery in Northern California, household garbage, 
and Spanish moss, alligator grass, and water hyacinth 
from Louisiana. Nitrogen was determined by the 
method as given in Hawk, Oser, and Summerson 
(1948) and carbon was determined by the method of 
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Schollenberger (1945) in which per cent carbon is 
equal to per cent organic matter divided by the factor 
1.724. Ash and organic matter determinations were 
made by combustion in a muffle furnace and pH deter- 
minations were made with a Beckman? pH meter, 
model G. 

Microorganisms involved. No attempt was made to 
inoculate the manure with commercial preparations to 
promote composting. It was felt that the natural flora 
would be sufficient. This conclusion was in agreement 
with the studies carried out by the Sanitary Engineering 
Research Project of the University of California (1953). 
They employed two commercial preparations, one a 
starter containing enzymes, hormones, and _ bacteria, 
and the other a preparation containing actinomycetes 
and bacteria. Their results showed that these prepara- 
tions did not enhance the composting process over 
the natural flora. 


RESULTS AND DiIscuSsSION 


From previous work in this laboratory (Howard, 
1953), the following factors have been determined in 
composting: 

Aeration. It is obvious from fermentation studies in 
general that aerobic conditions prompt a rapid and 
complete degradation of organic materials by micro- 
organisms. Under anaerobic conditions, there is an 
accumulation of intermediary products. In these stud- 
ies, a sufficient amount of air was used to prevent 
anaerobic conditions. Under such circumstances the 
compost had an earthy odor. If anaerobic conditions 
prevailed, degradation did take place but simultane- 
ously there was an accumulation of intermediary prod- 
ucts which gave an offensive odor. Therefore, aerobic 
conditions were maintained to effect a rapid and com- 
plete breakdown of 
compounds. 

Moisture. In these studies it was found that a mois- 
ture content of 60 to 70 per cent was best for com- 
posting. A lower moisture content did not promote 
maximal microbial activity although a higher content 
of water gave a muddy mass which interfered with 
good aeration. 


readily decomposable organic 


Temperature. The literature is extensive concern- 
ing the relative merits of two different methods of 
composting: the hot and the cold fermentation methods. 

The Krantz method of hot fermentation is a unique 
method of storage and subsequent decomposition of 
manure advocated extensively in Germany and dis- 
cussed in some detail by Salter and Schollenberger 
(1939). Essentially, the process consists of a short 
period of intense aerobic fermentation leading to the 
rapid oxidation of carbohydrates causing a subse- 
quent rise in temperature to 60 C. This original rapid 


2 Beckman Instruments, Inc., Fullerton, California. 
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fermentation period is followed by a prolonged 
“ripening” period under anaerobic conditions daring 
which time the temperature gradually falls. The 
method of cold fermentation consists of immediate 
packing of fresh manure into specially built struc. 
tures. A covering of earth is frequently added to ex. 
clude air and keep the mass compact. This result: js 
so completely attained that the temperature does not 
rise above 35 C with essentially anaerobic conditions 
prevailing throughout the heap. Salter and Schollen- 
berger (1939) point out that the conditions are similar 
to those in a silo where a lactic acid fermentation 
takes place. 

In this work, several different temperatures were 
investigated to determine the optimum for the com- 
posting process. The temperatures used were 28 (, 
37 C, and 55 C. 

lt was found that at 28 C and 37 C, there was no 
perceptible activity on stock yard manure, a combi- 
nation of stock yard manure and coffee grounds, 
Spanish moss, water hyacinth or alligator grass, even 
after 14 days. At 55 C with these materials, there 
was rapid composting. 

Although fresh alligator grass had a pH of 64, 
water hyacinth a pH of 6.8, and Spanish moss a pH 
of 4.7, rapid composting of these materials at 55 € 
was observed. After composting for 24 hr, the pH 
rose to 9.3, 8.5, and 8.0 respectively. The pH of fresh 
raw manure is about 8.5 and a mixture of manure 
and coffee grounds is of about the same pH. It was 
found that the most rapid composting took place at 
55 C with an alkaline pH. 

With pear waste which had a pH of 3.8 and house- 
hold garbage at pH of 4.5 it was necessary to alter 
conditions for composting. When these materials were 
placed at 55 C there was no activity even after 10 
days. After a number of trial experiments it was 
found that, if the garbage and pear waste were held 
at 28 C for about 72 hr, they exhibited considerable 
mold growth. After this period, the material then 
subjected to 55 C underwent rapid composting. In 
the initial holding period at 28 C, the molds reduced 
the organic acid content so that the materia! became 
alkaline. When the material became alkaline, com- 
posting did take place rapidly at 55 C. 

pH. It was found that an alkaline pH was neces- 
sary to obtain rapid composting. If manure, for exam- 
ple, were made acid to a pH of 6.0 with superphosphate 
to prevent evolution of ammonia, which was in abun- 
dance from the urea present, composting did not 
take place. This was true at 28 C, 37 C, and 55 C. 

Fresh pear waste and household garbage had a pH 
of 3.8 and 4.5 respectively. As explained above, com- 
posting did not occur at 55 C at these pH levels. 
The pH of these materials was changed to the alka- 
line side with lime and ammonium hydroxide then 
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subjected to 55 C. When samples of garbage made 
alkaline with ammonium hydroxide were aerated at 
this temperature, they became acid again after 24 hr 
and no composting occurred. Although the samples 


‘treated with lime remained alkaline, composting did 


not take place. Composting with these highly acid 
materials was obtained only after an initial holding 
period at 28 C for about 72 hr until the material be- 
eame alkaline as indicated above. 


Completion of Composting 


The question might be raised as to when the com- 
posting process is complete. Conceivably, ash deter- 
minations could be used as a criterion but this has 
certain limitations. Firstly, in a very heterogeneous 
mass of organic debris, sampling would be a problem. 
Secondly, it is very time consuming. A sample must 
be weighed, dried, weighed again, combusted in a 
muffle furnace, cooled, weighed again, and the results 
calculated. Thirdly, and most important, it would not 
indicate anything but a loss in bulk; it would not give 
any information on the nature of the organic compounds 
remaining. 

The group at the University of California, (Sani- 
tary Engineering Research Project, 1953) suggest 
that “...a compost is considered finished when it 
may be stored in large piles indefinitely without be- 
coming anaerobic or generating appreciable heat and 
may safely be put on agricultural soil because of its 
low C:N ratio, or the poor availability of its carbon.” 
It is also suggested by this group that the carbon: 
nitrogen ratio could be used to determine the time 
necessary to complete composting. However, — this 
would be costly and time consuming because of the 
determinations that would have to be made. 

If all conditions, particularly those of moisture and 
aeration, were ideal during the course of composting, 
temperature could be used as an indicator for de- 
termining the end of composting. In composting, the 
temperature in a pile will start from ambient tem- 
perature, rise to a plateau of about 65 C to 70 C and 
remain there for a period, then fall again to that of 
ambient temperature. The drop of ambient temperature 
would indicate completion of composting. The rate of 
rise, the extent of the plateau, and rate of fall of the 
temperature would depend on the nature of the material 
being composted. 

However, the use of temperature as a criterion could 
not be used with any degree of certainty because ideal 
conditions could not be obtained. A low temperature 
could be the result of loss of aerobic conditions and of 
loss of moisture, and production of excessive heat during 
the high plateau could inhibit microbial activity. Also, 
in a pile of organic debris, the inside may well be under- 


going composting but there may be very little activity 


on the outside of the pile and turning of the compost 
heap would disrupt the temperature curve. 

During the course of this work, a very simple method 
has been devised by which one can determine quite 
accurately when composting is completed. It is based 
on the principle of composting itself. 

A heterogeneous mass of organic matter such as 
garbage, manure, plant residues, and other waste matter 
is composed of a variety of organic compounds. As 
noted by Waksman (1932), these compounds consist 
of sugars, starches, and other simple carbohydrates that 
are soluble in cold or hot water; pentoses, pectins and 
other hemicelluloses; cellulose, lignin and tannins; fats; 
waxes; oils; sterols; fatty acids; and proteins and their 
derivatives. 

If compounds such as these in fresh raw organic 
matter are allowed to undergo decomposition under 
anaerobic conditions, an acid reaction is obtained with 
offensive odors. There are various organic intermediate 
compounds produced, such as organice acids and amines. 
In other words, there is an incomplete breakdown of 
the organic matter. 

In aerobic degradation or composting, the readily 
decomposable organic matter is rapidly broken down. 
Therefore, as composting proceeds, there will be less 
and less organic matter which is easily decomposed; 
the material is being stabilized. When such material 
undergoing composting is subjected to anaerobie con- 
ditions, it will not change in pH readily and will not 
produce offensive odors as composting approaches 
completion. 

The test is carried out as follows: a 5.0-g sample is 
withdrawn from the composting chamber and placed 
into a screw cap tube measuring 20 x 150 mm. The 
tube is then placed in an incubator at 55 C. After 0, 
24, 48, and 72 hr, the tube is withdrawn from the in- 
cubator, shaken well, and the pH of the contents de- 
termined. 

Table 1 shows the results of a typical determination 
on manure. 

It can be noted from table 1 that, after composting 
for 144 hr, the pH of the manure,sample held anaerobi- 


TABLE 1 
pH of manure held anaerobically in water at 55 C after certain 
intervals of composting 


pH in Tube after: 
Hr in Composter | —— pei ace Ss 


0 hr 24 hr 48 hr 72 hr 
0 8.6 6.4 6.1 6.1 
24 8.5 6.4 6.2 6.2 
48 8.5 6.4 6.3 6.3 
72 8.7 6.7 6.4 6.3 
96 8.6 7.0 6.4 6.3 
120 8.7 7.6 7.0 6.8 
144 | 8.6 7.5 7.0 7.08 
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cally at 55 C did not fall below 7.0 even after 72 hr, 
nor was there any offensive odor present. This would 
indicate that all or at least most of the readily decom- 
posable, organic matter was broken down and that the 
material was stabilized. On the other hand, in the earlier 
samples, there was a rapid change to the acid side indi- 
cating the accumulation of intermediary compounds 
produced from readily decomposable organic matter. 

Our basis for the determination of completion of com- 
posting is indicated by obtaining a pH of about 7.5 on 
material which is held for 24 hr anaerobically at 55 C. 
Aside from the stability of the organic debris as as- 
sessed by pH measurements, the physical properties 
such as color, texture, and odor confirm the pH evalua- 
tion. pH readings were recorded after 48 and 72 hr to 
show the stability of the composted organic matter. It 
is obvious that organic matter, when subjected to such 
conditions, will eventually break down and give an acid 
reaction. T 0 maintain a neutral or alkaline reaction for 
72 hr seems to be very significant in demonstrating that 
the organic material is stabilized. 

It is felt that the pH determination as a criterion for 
composting is very simple, fast, inexpensive, and above 
all a true measure of completion of composting. For 
the purpose of these studies, a completed compost is 
defined as a compost that will not undergo anaerobic 
fermentation in the absence of oxygen. This definition 
is in accord with the statement of the Sanitary Engi- 
neering Research Project (1953) report. “A compost 
is considered finished when it may be stored in large 
piles indefinitely without becoming anaerobic or gen- 
erating appreciable heat.’”’ Under such conditions if 
the material became anaerobic it would show an acid 
reaction. In a large pile, it would take a certain amount 
of time for this to occur. In the pH test described, only 
a 5.0-g sample is used and conditions are created which 
would quickly give an acid reaction. 

When composting acid materials such as pear waste 
and garbage, the test began during the second stage 
of composting, namely 55 C. 

Chemical analyses. Chemical analysis on the materials 
composted are presented in tables 2 to 6. In all cases, 
the pH test was used as the criterion to determine the 


TABLE 2 


Determinations of raw and composte d stock yard manure 


Percentage or Ratio 
Determination — - aaa arc alae 


Sample 1 | Sample 2 2 
Carbon—raw..... ee 47.4 51.4 
Carbon— composted... + 38.6 44.8 
Nitrogen—raw...............| 2.07 2.10 
Nitrogen—composted........ | 2.52 | 3.15 
ROOM ENON 6265 65 sos eewas 23:1 24:1 
C:N—composted........ ies 15:1 14:1 
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end of the composting period. In tables 2 and 3 ar 
shown the results obtained in 5 days on composting 
manure alone and manure with spent coffee grounds, 
It can be seen that there is a reduction of the carbop 


content and a corresponding increase in nitrogen re. 


TABLE : 
Determinations of raw and composted stock yard manure with 
spent coffee grounds 





wn 
} Percentage or Ratio 


Determination | tinal ] 

Manure no. 1 Manure no. 1 

with 20% coffee with 30 % coffee 
Carbon—raw..... Ae acan aah e 48.4 | 48.5 
Carbon— composted. Pec ancee 44.1 43.9 
Nitrogen—raw............... 2.66 | 2.61 
Nitrogen—composted. .. .. 3.41 3.40 
C:N—raw. nt en 18.6:1 | 18.621 
C:N—composted.............| 12.9:1 12.9:1 


TABLE 4 


Determinations on raw and composted pear w aste 


Determination Percentage or Ratio 
ae 2 eS : | 
Carbon—raw... Fe A 54.2 
Carbon—composted....................] 50.8 
PRNRNMONR = RMN he bce Sets Sse ase 0.79 
Nitroge n—composted. NS Ne E aisha el ae.8 1.43 
ROR oe cn Se Fete tis ian bastnn Gisovireyhcs 68.6:1 


C:N— ee. 35.521 


TABLE 5 


De terminations on raw and composted garbage 


Determinations Percentage or Ratio 
ROMNMMINNR IM SS eS or hon es i ume nas 53.5 
Carbon—composted. . Sawa so 44.9 
Nitrogbe—OW.... 666... .0...sss00e. | 1.09 
Nitrogen—composted.................. | 1.97 
C:N—raw...... BPR en en eh oy ene 49:1 


C:N—e mmasted.. 


TABLE 6 
Determinations on raw and composted alligator grass, 
w water hyacinth, and Spanish moss 








| Percentage or Ratio 


Determinations 











Alligator Water Spanish 
| grass hyacinth moss 
Carbon—raw...................] 45.7 | 45.9 54.5 
Carbon—composted.............| 32.4 38.1 50.9 
Nitrogen—raw.. | 1.68 2.69 2.37 
Nitrogen- composted. a 6S 2.17 | 1.88 
C:N—raw....... ee 27.2:1. | 17.1:1 | 28:1 
C:N— compacted... | 48.734 17.5:1 | 27.8:1 
Organic matter—raw...........| 78.7 |} 79.1 | 98.1 





Organic matter—composted. . ..| 90.9 
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sulting in a lower carbon to nitrogen ratio. There is an 
ynavoidable loss of nitrogen liberated as ammonia. 
Tables 4 and 5 show the results on composting pear 
waste and garbage respectively. The material was held 
at about 25 C for 3 days and then for an additional 5 
days at 55 C. It is again evident from the results shown 
that the carbon : nitrogen ratio was reduced very sig- 
nificantly in a relatively short period. 

The results on composting alligator grass, water 
hyacinth, and Spanish moss are given in table 6. With 
alligator grass, there was the conventional lowering of 
the carbon: nitrogen ratio. The slight increase in nitro- 
gen was not significant. Apparently, a great deal of 
nitrogen was lost as ammonia. The lowered carbon: 
nitrogen ratio was due primarily to a significant loss 
of carbon. The organic matter content was also con- 
siderably lower. With water hyacinth and Spanish 
moss, the carbon: nitrogen ratio was not improved. As a 
matter of fact, in the case of Spanish moss, the ratio was 
higher in the composted material. Therewas a reasonable 
drop in the carbon content but again nitrogen was lost 
as ammonia. 

The results obtained on these three substances were 
not expected. The only explanation that might serve 
is the fact that the materials were shipped moist in 
closed metal containers. They remained closed on ar- 
rival until permission was granted to open by the U.S. 
Department of Agriculture. During the time that they 
were closed (about 2 weeks), there was a certain amount 
of anaerobic decomposition taking place. This initial 
breakdown resulted in the loss of ammonia when the 
material was subjected to 55 C and forced aeration. 
The conditions for composting as discussed have been 
translated successfully to a mechanized operation of 
20-ton capacity. A report on this process will be pub- 
lished in the near future. 


SUMMARY 


Factors have been determined whereby organic de- 
bris may be composted in a relatively short period of 
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time. The factors necessary for rapid composting are 
an alkaline pH, a temperature of 55 C, suitable aera- 
tion, and a moisture content of 65 per cent. Materials 
such as pear waste and garbage which contain organic 
acids and thus have an acid reaction must first be in- 
cubated at room temperature where the organic acids 
are destroyed by fungi before being placed at 55 C. 

A simple procedure has been devised whereby it is 
possible to determine the end of the composting period. 
It is based on pH changes which take place in organic 
matter held at 55 C under anaerobic conditions. It 
was found that the organic material if fully composted 
or stabilized will maintain an alkaline pH for 24 hr 
under these conditions. Such a compost will not under- 
go anaerobic fermentation on storage. 
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The industrial research emphasis on microbial trans- 
formation of steroids in the recent past may be seen 
in the several reviews on the subject (Fried et al., 1955; 
Wettstein, 1955; Eppstein et al., 1956; Shull, 1956). 
One of the more desired transformations has been the 
introduction of an 118-hydroxyl at carbon 11 of various 
steroids. Curvularia is one of the few genera effecting 
this transformation (Shull et al., 1953). The 118-hy- 
droxylation of steroids is not a set characteristic of 
this genus. Isolates of strains of different species can 
vary markedly in their ability to transform steroids. 

In the present paper are reported some of our studies 
concerning transformation of one steroid, that is, 11- 
deoxy-17a-hydroxycorticosterone (hereafter called sub- 
stance S) to hydrocortisone (hereafter called compound 
F) by a single isolate, and mutants therefrom, of Curvu- 
laria lunata. 


MATERIALS AND METHODS 


The culture used in these studies was isolated from 
a soil collected in El Salvador. It was identified as 
Curvularia lunata (Wakker) Boedijn (Boedijn, 1933). 

The experimental procedures were those described 
in previous papers (Dulaney et al., 1955a, b, c). The 
culture was grown for steroid conversion in 50 ml of 
medium in 250-ml Erlenmeyer flasks. The inoculum 
was 5 ml of 3- or 4-day-old vegetative growth developed 
in the medium used for the transformation. The inocu- 
lated flasks were incubated at 28 C on rotary shakers 
moving at 220 rpm and describing a circle 2 in. in diam- 
eter. At the desired time, usually 24 to 48 hr after 
inoculation, the steroid (10 mg unless otherwise noted) 
was charged to the growing cultures in 0.5 ml of di- 
methylformamide. 

lor assay, the contents of a flask were homogenized 
in a Waring Blendor for 1 min and the homogenate 
extracted 3 times with three 50-ml portions of ethyl- 
acetate. The ethylacetate was evaporated under a hood 
at room temperature, the residue taken up in 5 ml of 
methanol, and aliquots of the methanol solution were 
spotted on Whatman! no. 1 paper. Chromatograms were 
run using the solvent systems of Zaffaroni and associates 


' Schleicher and Schuell Co., Keene, New Hampshire. 
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(Zaffaroni et al., 1950; Zaffaroni and Burton, 1951: 
Burton et al., 1951). 

The charged steroid and conversion products were 
located on the paper by means of an ultraviolet light 
scanner (Haines and Drake, 1950) and eluted from the 
paper strip in pure methanol. The amounts of steroids 
were calculated from the optical densities of the eluates 
determined at a wave length of 2400A. 

Other details of experimental procedures will be 
given in the appropriate sections. 


EXPERIMENTAL RESULTS AND Discussion 


Cultures studied. The culture used in this study is a 
typical isolate of Curvularia lunata according to Boe- 
dijn’s classification. It was isolated and tested early 
in April, 1953. After studies were well under way a 
patent which describes the use of certain strains of the 
genus Curvularia was granted (Shull et al., 1953). 
Numerous other isolations from soils and seeds have 
revealed other strains of C. lunata capable of introdue- 
ing an 116-hydroxyl into substance S. Some of these 
isolates, as well as isolates of other species of Curvu- 
laria, are able to carry out other steroid transforma- 
tions. These will not be treated. 


Medium Studies 


Complex media. The transformation of substance § 
to compound F was first noted with the culture grown 
in a Cerelose-Edamine-corn steep medium (Murray and 
Peterson, 1952). The compound F was isolated and 
crystalline material was found to be identical with au- 
thentic compound F (E. F. Schoenewaldt, unpublished 
observations). 

This complex medium supported low levels of trans- 
formation. Similarly, low transformation yields have 
been obtained in all instances in which complex media 
have been studied. Such experiments have included 
media based on molasses, hydrols, syrups, wheys, «nd 
starches in combination with corn steep liquor, also 
molasses in combination with organic and inorganic 
nitrogen sources. It was not until synthetic media 
were used that relatively good transformation yields 
were obtained. 
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Synthetic media. The synthetic medium that served as 
the basis for further study had the following composi- 
tion: glucose (sterilized separately), 20 g; (NH4)e- 
HPO., 5 g; KeHPO,, 1 g; MgSO,-7H.O, 0.5 g; KCl, 
0.5 g; ZnSO,-7H,20, 0.01 g; FeSO,-7H,O, 0.01 g; distilled 
H.0 to 1 L. A typical transformation by a culture 
grown in this medium is shown in table 1. 

The rapid appearance of compound F indicates the 
enzyme effecting the transformation is not induced. 
Addition of substance 8S to a growing culture of C. 
lunata followed immediately by extraction and chro- 
matography revealed a product with the mobility of 
compound I. This product was lacking in control ex- 
periments with no charged substance 5. 

A number of empirical changes were made in this 
synthetic medium in an effort to increase or to change 
markedly the transformation of substance S to com- 
pound I’. These medium variations included: 

1. Use of glucose concentrations from 1 per cent to 
10 per cent. 

2. Use of (NH4)2oHPO, from 0.5 per cent to 1.5 per 
cent in combination with different levels of glucose. 

3. Substitution of galactose, glycerol, lactose, mal- 
tose, starch, and sucrose individually for glucose. 

4. Substitution of glycine, glutamic acid, histidine, 
valine, méthionine, aspartic acid, and threonine singly 
for the (NH4)sHPO, on L-amino nitrogen equivalent 
basis. These amino acids had been found previously to 
support good growth of our strain of C. lunata. 

5. Supplementation of 17 amino acids singly at a 
level of 0.5 mg of N per ml at the time of and 30 hr 
following inoculation. 

6. Addition of acetic, citric, gluconic, fumarie, lactic, 
malic, pyruvic, and succinic acid singly at 5 mg per 
ml. 

7. Addition of the following compounds at 2 mg per 
Land 10 mg per L: aluminum sulfate, antimony chlo- 
ride, calcium chloride, cadmium sulfate, cobalt nitrate, 
chromic sulfate, lithium hydroxide, nickel sulfate, silver 
sulfate, stannous chloride, and strontium chloride. 

In addition to these variations, the dramatic effect 
of Zn++ deficiency on steroid transformation by A sper- 


TABLE 1 
Transformation of substance S to compound F by Curvularia 
lunata in the basic synthetic medium 


Age of Sample (hr)* 


6 12 24 48 72 
Percentage of transforma- 
tion to compound F 15 26 | 45 47 44 
Percentage of substance S 
not transformed. . 45 22 


* Culture was grown 48 hr prior to steroid charge of 10 mg 
per flask. Age of sample after steroid charge. 


11-DEOXY-1l7a-HY DROXYCORTICOSTERONE TRANSFORMATION 277 


gillus ochraceus (Dulaney et al., 1955c) led to the testing 
of Zn** deficiency on substance 8 transformation by 
C. lunata. A presumed Zn** deficient inoculum was de- 
veloped by three passages in the synthetic medium 
without Zn**. When this inoculum was introduced into 
the synthetic medium with no added Zn**, the resulting 
growth transformed substance S to compound F in a 
manner not significantly different from the controls. 

All of the above experiments were carried out with 
the parent strain of C. lunata as well as with the pig- 
mentless strain noted later. These empirical experi- 
ments reveal one interesting point, that is, none of the 
treatments markedly affected the transformation. It 
was not until temperature studies were carried out that 
any change in the transformation was noted. 

Temperature effect. The effects of different tempera- 
tures on the transformation are summarized in table 2. 

Several things stand out in these results. Firstly, the 
over-all steroid balance is low. Secondly, substance S 
disappears rapidly, more so at the higher temperatures. 
Thirdly, compound F appears earlier at the higher 
temperature although the final per cent is not markedly 
affected by temperature. Finally, two other conversion 
products appear at the high temperatures. One of these 
has the mobility of compound epi-F. The other un- 
known product moves between substance 8 and com- 
pound F. Its nature will not be discussed. 


TABLE 2 
Effect of temperatures on transformation of substance S* 
to compound F by Curvularia lunata 


Tempe | aisle |S Recovered | “pictur | Nor” | Scene? 

—_ Cc hr : “% - % Q Q, 
24 6 57 0 8 0 
12 43 0 17 0 

24 0 0 43 0 

48 0 0 45 0 

72 0 0 46 0 

28 6 38 0 8 0 
12 12 0 37 0 

24 0 0° 12 0 

72 0 0 50 0 

32 6 25 0 22 0 
12 0 4 36 4 

24 0 0 31 4 

48 0 0 30 4 

72 0 0 40) 5 

37 6 24 + 17 0 
12 0 4 31 6 

24 0 3 30 5 

48 0 0 28 5 

72 0 0 36 7 





* 10 mg of substance S were charged to each flask after 24 hr 
pregrowth in the synthetic medium. 
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Level of substance S charged. The level of substance S 
charged showed some effect on the steroid transforma- 
tion pattern. With charges of 1 mg, 2 mg, 3 mg, and 5 
mg of substance § per flask, the maximum amount of 
compound F formed was 49, 39, 38, and 31 per cent re- 
spectively. There were no marked changes in the time 
the maxima were obtained and no marked differences 
in the rate of substance S disappearance. The results 
obtained with charges of 10 mg, 20 mg, 40 mg, and 80 
mg of substance S per flask are detailed in table 3. 

With substance S charges of 20 mg per flask and 
higher, the compound in the epi-F region, perhaps the 
same compound noted in the transformation at 32 and 
37 C, appeared. Also at the higher charges, that is, 40 
mg and 80 mg of substance §S per flask, the conversion, 
percentagewise, went more slowly and the per cent 
maximum of compound F obtained was less. This was 
particularly true with an 80 mg per flask charge. In 
addition, at the higher charges of substance 8, there 
was residual § for a longer time. 

These data also show clearly that the over-all steroid 
balance is low. Simple calculations clearly reveal that 
increasing the substance S charged from 1 mg _ per 
flask by increments to 80 mg per flask results in a 
marked increase in compound F obtained on a weight 
basis. In all cases the charged substance § is used up. 
The minor product (compound epi-F?) is never present 
in high yield. Either the methods used for steroid deter- 
mination are inadequate resulting in low recoveries, or 
substance 8 and compound F are transformed to other 


TABLE 3 
Effect of level of charged substance S* on transformation 
by Curvularia lunata 





Conversion to 











SCharged | Seco, | Compound FP Cees ton 
| | 
mg | hr % % | % 
wo | 2 %| 3 ‘|| O 15.9 
a= f+ # | « 0 
|} 42 | 23 | oO 0 
| 72 | 37 | 0 0 
| | 
0 | 12 4 | oO 32 
| 24 3 | 0 0 
48 34 | 0 0 
| 72 | 33 | 2.24 0 
o | 2 | w | 0 35 
| 24 29 | 2 1 
48 a | 1 2 
| 72 31 | 3 0 
80 12 5 | } 42 
24 7 I 24 
s | 2 2 0 
72 25 2 0 


* Substance S was charged after 24 hr pregrowth in the syn- 
thetic medium. 
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undetected products. The possible further transforms. 
tion of compound F was investigated. 

Amino acid and nicotinic acid analogs. Further trans. 
formation of compound F might be due to an inducible 
enzyme or a DPN linked enzyme system. Thus, the 
effect of amino acid and nicotinic acid analogs on stabil- 
ity of compound F was studied. 

The amino acid analogs tested are listed in table 4. 
The results need not be presented nor discussed jy 
detail. There was a noticeable disappearance of charged 
compound F after 24 hr incubation. All of the analogs 
decreased the rate of compound F loss but only to an 
extent that would account for a fraction of the defi- 
ciency in the steroid balance. 

The effect of the nicotinic acid analogs on compound 
F disappearance is shown in detail in table 5. The in- 
hibition of compound F disappearance is complete. 
Compound F recovery is always low, however; the zero 
time sample with no analog added yielded only 81 per 
cent of the compound F charged. Unfortunately, the 
nicotinic acid analogs had no effect on the steroid 
balance when substance 8 was charged. This point has 
been tested repeatedly. 

One may conclude from these data that poor re- 
covery through our assay procedures accounts for 4 
portion of the steroid loss. It might be added that com- 
pound F charged to cells killed by autoclaving can be 
recovered quantitatively even after 72 hr incubation. 

Using a simple synthetic medium, approximately 5) 
per cent transformation of substance 8 to compound 
F might be expected by this strain of C. lunata at the 
steroid charges of 10 mg per flask. With further ex- 
periments and some improvements in extraction and 
elution from papergrams, 55 per cent yields of com- 
pound F from 20 mg per flask of substance 5S have 


TABLE 4 


Amino acid analogs tested for inhibition of compound F 
disappearance* 


a-Methylvaline 
B-a-Thienylalanine 
Ethionine 
e-Benzoylaminohomocaproic acid 
2-Carboethoxy-5-aldehyde 
pL-a-Methyltryptophan 
a-Methylasparagine 
a-Methylmethionine 
Benzoyl-p-tryptophan 
pL-a-Methylglutamie acid 
a-Methylphenylalanine 
Formyl](+)valine 

Benzoyllysine 
a-Methyl-pi-threonine 
pt-Methionine sulfoxide 
a-Methylglutamie acid 


*10 mg of compound F was charged to a 39-hr culture. 
Replicate flasks also received 2.5 mg of an analog at time of 
steroid charge. 
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sforms. been routinely obtained. With low charges of substance 
| TABLE 5 S, that is, 1 mg per flask, 80 to 90 per cent yields of 
r trans. nae ae ; compound F have occurred. This has not been too 
ducible Effect of nicotinic acid analogs on stability of compound F* and iaenniiiie, teins 
transformation of substance S by growing cultures proaucibie, however. 
US, the of Curvularia lunata None of the empirical media or experimental varia- 
| Stabil = tions have affected markedly the over-all yield of com- 
Substance S Charged 72 ‘ a y 
| re pound F from substance 8. Chemical changes occurring 
whe 4 Analog Pa oes | Percentage during growth and steroid transformation were studied 
ssed_ in Recovered | perenne Rane cr next in an attempt to gain an insight into some factors 
harged al that might affect steroid transformation. 
Unitlogs hr Chemical changes occurring during growth and steroid 
y 0 an pyrazinoie acid 6 81 63 16 transformation. The culture was grown in the syn- 
re defi. as | & ‘ ii thetic medium with 5 per cent glucose and 0.75 per 
vo os : ( cent (NH,)2HPO,. Four replicate flasks were removed 
1pound 79 pe 0 58 at each time interval and pooled for analysis. The dry 
Che in- | cell weights were determined by centrifuging an ali- 
nplete, Pyridine-3-sulfonic 6 72 64 14 quot of broth in tared centrifuge tubes, washing twice 
he zero F acid 12 Gf 19 40 with distilled water, and drying to a constant weight 
= - ng : pe at 75 C. Other determinations were made on the 
vides 79 74 0 55 metabolism solution from which the cells were removed 
steroid by centrifugation. The pH was taken immediately with 
int has 3 amino-1,2,4- 6 84 30 29 a glass electrode. Residual sugar was determined by 
triazine 12 aa Ug a TI the method of Shaffer and Somogyi (1933) and the 
_ ~ . | : se ammonia nitrogen according to Umbreit and Bond 
for 4 79 a | 9 52 (1936) without prior digestion. Total acidity was 
t com- measured by titration, volatile acids by Ducleaux dis- 
enn be & Isonicotinic acid 6 78 24 28 tillation (MeNair, 1947), and nonvolatile acids by paper 
vation, N-oxide 12 80 12 46 chromatography (Stark et al., 1951). The method of 
ely 5) Pm ne : : Fiske and SubbaRow (1925) was used to determine 
— 72 81 0 53 — | | 
re changes occurring during growth and steroid 
er €X- F Isonicotinie acid 6 78 29 26 transformation are shown graphically in figures 1, 2, 
n and 12 92 10 418 ks 
| com- 2 ved G ” The utilization of carbon and nitrogen, the drop in 
} have = = : pH and increase in titratable acidity accompanies 
growth. Substance S was charged after 24 hr growth. 
Isonicotinamide | 2. | @ | & The increase in nitrogen in the 36-hr sample can be 
ve 12 a3 26 37 attributed to dimethylformamide used as the solvent 
: | “s : pe for substance S. . 
79 85 0 44 The transformation of substance 8 to compound F 
increased up to 48 hr, paralleling growth of the or- 
No analog substance) 6 | Not run | Not run ganism. After 48 hr there was no increase in compound 
S charged 12 Not run 68 F but substance S continued to disappear. It was 
/s | . pe thought possible that this transformation was pH sen- 
79 9 51 sitive because increase in compound F ceased at low 
pH. However, addition of CaCO; did not result in 
No analog 0 81 | Not run increased compound F even though the pH was kept 
6 80 | Not run somewhat. higher. 
= : : The titratable acidity was found to be due almost 
48 bd > exclusively to volatile acid. A Ducleaux distillation 
72 Minton | showed formic to be the only volatile acid present. 
—— Paper chromatography indicated minor amounts of 
eT * 10 mg of substance S or compound F were charged to flasks nonvolatile acids, that is, oxalic, citric, aconitic and 
alia : i8-hr cultures in the synthetic medium. The analogs ata lactic, to he present. ha cehw resembling ethyl alcohol 
; evel of 5 mg per flask were added at the time of steroid charge. : ' = ; 
ime ol could be detected in the broth but dichromate oxida- 
tion indicated no large accumulation of alcohols. 
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The level of formic acid in the medium had a marked 
effect on the transformation. Formic acid added at the 
time of steroid charge and for every 24 hr thereafter 
completely stopped the transformation and substance 
S did not disappear. The level of formic acid used in 
ach addition was equivalent to just less than the 
maximum accumulated late in the fermentation. 

The formic acid inhibition is probably not due to a 
pH effect. The addition of various levels of sodium 
formate also showed a marked effect on the transforma- 
tion. Sodium formate equivalent to 5 mg of formic acid 
per flask allowed the transformation to go as well as 
in the control, whereas 20 mg of formic acid as sodium 
formate stopped the transformation. These additions 
were at the time of steroid charge when growth and 
metabolism were occurring rapidly. 

The possibility that dimethylformamide could be 
contributing formic acid to the metabolism solution 
and its possible adverse effect on the transformation 
cannot be discounted. However, it should be noted 
that the use of increased levels of charged substance S 


[4 
ww 


[vi Pe 


in the presence of the same level of dimethylforma ide 
resulted in increased transformation of substance S to 
compound F on a weight basis. 

Mutation studies. The use of induced mutation to 
make strains capable of increased biosynthetic capacity 
is too well known to need documentation. Thus. we 
have directed considerable study toward mutation of 
C. lunata. Specific transformation yields with selected 
mutants will be noted briefly later on. However, we 
would like to discuss some other aspects of our mutation 
studies in more detail. 

The multicellular nature of the C. lunata spores 
(usually four cells per spore) poses problems insofar as 
isolation of induced mutants is concerned. Although 
spores of this type might be expected to germinate by 
the two terminal cells, the distinct possibility remains 
that the other cells could germinate, particularly if 
the terminal cells are killed by a mutagen. In addi- 
tion, the possibility of the central cells fusing with the 
germinated terminal cells cannot be discounted. In 
any event, if a mutation is induced in one cell of the 

















O 12 28 36 48 72 


96 120 144 168 


TIME - HRS. 


Figure 1. Glucose and nitrogen used and dry cell weight formed during growth of Curvularia lunata. @ = dextrose mg/ml X 


10; X = dry cell wt mg/ml X 10; O = NH;-N mg/ml. 
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spore without killing it and at least one other cell re- 
mains Viable, the resulting colony well may be a hetero- 
karyon. 

All of the permutations that can arise need not be 
discussed. It is patent, however, that if mutants are to 
be isolated with any ease and in large numbers it will 
be necessary to insure that only one viable cell remains 
following treatment with the mutagen. Mathematically 
this is not only possible but probable. If the survival 
curve, following treatment with ultraviolet light, for 
example, is exponential over a part, then the majority 
of spores at this time might be expected to have only 
one viable cell. Thus, isolation of mutants should be no 
more difficult than with other fungi having one-celled 
uninucleate spores. 

Ultraviolet light was tried as a mutagen and soon 
proved to be ineffective. Exposure to ultraviolet light 
up to several hr duration did not result in any measura- 
ble killing of the spores. Moreover, no obvious morpho- 
logieal changes appeared in the colonies that developed 
from ultraviolet light treated spores. For this work a 


Hanovia? lamp, emitting most of the ultraviolet at 
2537A, was used. The intensity of ultraviolet employed 
was such that over 99 per cent of Escherichia coli cells 
or Penicillium chrysogenum spores would be killed after 
2 min exposure. The C. lunata spores were exposed 
when in aqueous agitated suspension and when spread 
over nutrient agar plates. The failure of the ultraviolet 
light to kill or induce mutations in the C. /unata spores 
could have been due to its absorption by pigment in 
the spores. In order to get around this difficulty a nitro- 
gen mustard was used as a mutagen. 

Following treatment of the spores with the nitrogen 
mustard (methyl bis[8-chloroethyllamine- HCl), a pig- 
mentless mutant was isolated. This pigmentless mutant 
was identical morphologically to the pigmented parent, 
and transformed substance 8S to compound F in yields 
equivalent to that of the parent. Moreover, the pig- 
mentless strain was susceptible to the lethal action of 
ultraviolet light. 

2 Hanovia Lamp Division of Engelhard Industries, Inc., 
Newark, New Jersey. 
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Figure 2. Changes in pH and titratable acidity and phosphorus utilization during growth of Curvularia lunata 
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Survival curves following exposure of spores of the 
pigmentless strain to ultraviolet light showed little 
killing of the spores up to 3 min exposure but then 
killing became logarithmic. To determine if homokary- 
otic mutants could be isolated during the phase of 
logarithmic killing, mutations to auxotrophy were 
scored. Scoring for these nutritional deficiencies is quite 
simple. In addition, such auxotrophs would probably 
be homokaryons. This is based on the fact that induced 
nutritional deficiencies in other microorganisms are re- 
cessive. Thus, auxotrophs would arise from mutations 
in spores with a single mutated viable cell or from 
spores with mutations at the same loci in more than 
one surviving cell. 

Well known methods were used in attempts to isolate 
auxotrophs. Spore suspensions of C. lunata were ex- 
posed to ultraviolet light, while being constantly 
stirred in aqueous suspension, until less than 10 per 
cent remained viable. At this survival level, killing was 
exponential and had been so for some time. The treated 
suspension was spread over plates of complete medium 
at a concentration that yielded 30 to 60 colonies per 
plate. The complete medium contained the following: 


100 





e % Substance S remaining 


90 o % Transformation to Compound F 


80 


70 


60 


50 


40 


30 


20 





O 12 2436 4872 96 120 144 168 
TIME -HRS. 


Figure 3. Substance S transformation during growth of 
Curvularia lunata. 
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glucose, 5 g; (NH4)2HPO,, 3 g; K2zHPO,, 1 g; KCl, 
0.5 g; MgSO,-7H,0, 0.5 g; ZnSO,.-7H2O, 0.01 g,; 
VeSO,-7H,O, 0.01 g; Casamino acids® (vitamin free), 
1 g; yeast nucleic acid, 1 g; 10 ml of a vitamin solution 
per L. The vitamin solution supplied the following 
vitamins per ml of medium: riboflavin, 1 yg; nico- 
tinamide, | ug; p-aminobenzoic acid, 0.1 ug; pyridoxine, 
0.5 wg; thiamine, 0.5 wg; biotin, 0.002 ug; calcium 
pantothenate, 2 wg; choline chloride, 2 ug; inositol, 4 
ug; and vitamin By, 0.1 ug. The medium was solidified 
with 25 g per L of agar. Sodium desoxycholate at a 
concentration of 0.03 per cent was added to the medium 
prior to autoclaving (Tatum e¢ al., 1949). The sodium 
desoxycholate restricted radial growth of the colonies 
but permitted good sporulation. The above medium 
less the Casamino acids, yeast nucleic acids, and vita- 
min solution will be referred to as minimal medium. 
For obtaining double and triple auxotrophs, the mini- 
mal medium contained the known requirements of the 
parent strains. 

After 3 days’ incubation at 28 C, the colonies on the 
maximal medium were replicated, using velveteen 
stamps (Lederberg and Lederberg, 1952), onto plates 
of minimal medium, minimal plus Casamino acids, 
minimal plus yeast nucleic acid, minimal plus vitamin 


8 Difco Laboratories, Detroit, Michigan. 


TABLE 6 


Nutritionally deficient mutants of Curvularia lunata 


Col- . Con- 
Parent ; onies | Non- | firmed | ; 
Strain Requirement | Tested | repli- Defi- | Requirementst 
5 |by Rep-| cators | cien- | 

lication | | cies* 
no. no. | no. | 
: eae: | : : ’ ; 

1D-1 None 3235 | 52 | 32 | Amino acids, vita- 


mins, purines and 
pyrimidine bases 

Amino acids, vita- 
mins, purines and 

pyrimidine bases 


1K -2 Arginine 


| 1914} 78 | 44 


1K-8 Biotin 2756 | 49 | 24 | Amino acids, vita- 
| | mins, purines and 

pyrimidine bases 
1F-37 | Arginine | 1993 | 82 20 | Amino acids, vita- 
and me- | | mins, purines and 


thionine | 


pyrimidine bases 


1G-16 | Biotinand | 706 | 144] 4 | Amino acids, vita- 
panto- | mins, purines and 
thenic | pyrimidine bases 
| acid 
1G-45 | Biotin and | 1484 | 30 4 | Vitamins 
adenine 
or hypo- | | 


xanthine | | | 


* A number of nonreplicators were slow-growing mutants. 
In some instances the nutritional requirement was not identi- 
fied. 

+A whole spectrum of amino acid, vitamin and purine 
and/or pyrimidine requirers was usually obtained. 
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solution, and complete medium. The replicated plates 
could be scored after another 3 days’ incubation. Of 
3.235 colonies on the master plates, 52 failed to repli- 
cate on the minimal medium and grew on one or more 
of the supplemented media. After isolation and further 
confirmatory tests, 32 of these 52 proved to have clear- 
cut deficiencies. Some responded to single amino acids, 
some to single vitamins, and some to purine and pyri- 
midine bases. 

Using the above technique, double and triple de- 
ficient mutants were made. These data are summarized 
in table 6. 

These data show quite clearly that mutants can be 
induced in a multispored fungus and isolated with the 
same facility that they can be obtained from fungi with 
one-celled uninucleate spores. In addition to these 
auxotrophic mutants, a number of other mutants were 
obtained. Mutations back to pigmented colonies oc- 
curred but were not numerous. Some mutants produced 
a yellow soluble pigment in agar medium whereas others 
produced a black pigment only during submerged 
aerated growth. A number of dwarf colonial mutants 


TABLE 7 
Conversion of substance S to compound F by possible mutants 
of Curvularia lunata* 


Transfor- 
Mutant No. | — ee 5 Remarks 
| pound F 
1E-86 | 2 60 
1k-210 | 21 26 
1K -281 21 39 
1K-282 | 0 86 
1E-289 | 60 0 
1E-293 | 27 0 
1E-379 | 8 58 | 
1E-409 | 0 78 | 
1E-425 | 55 Oo | 
1F-530 0 17. | Also present is a large 
amount of tetrazolium- 
reducing, UV-absorbing 
material, more polar than 
| compound F 
1E-710 | 0 0 Also present is a_ large 
| amount of nontetra- 
zolium - reducing, UV 
absorbing material, more 
| polar than compound F 
1H-2 | 61 0 A UV-absorbing material 
also found in compound 
KE region 
1H-32 | 40 34 
1H-53 | 0 0 
11-66 | 88 17 
Control | 45 0 





* Cultures grown 24 hr in synthetic medium prior to steroid 
charge of 20 mg of substance S added in 0.5 ml of dimethyl- 
formamide to each flask. Flasks assayed 72 hr after steroid 
addition. 





were also obtained. These various mutants should be 
useful in studying possible parasexuality in C. lunata. 

With the knowledge that mutant homokaryotic 
colonies could be obtained, attempts were made to 
isolate mutants with increased capacity for transforma- 
tion of substance S to compound F. The results will 
not be detailed here. However the transforming ability 
of some selected mutants is given in table 7. 

The results in table 7 are sufficient to show that the 
steroid-transforming ability can be changed by muta- 
tion. The steroid balance, for example, differs markedly 
among the mutants. In addition, there is evidence that 
other products are being formed. 

Adaptation to synthetic media. The possibility that 
increased transformation yield of compound F or at 
least more rapid transformation could be obtained with 
cultures “adapted” to the synthetic medium was in- 
vestigated next. Inoculum was adapted to the synthetic 
medium for four passages of 3 days each. The final 
passage was used to inoculate the flasks of synthetic 


TABLE 8 

Effect of adaptation of mutants to synthetic medium on 
transformation of substance S to compound F* 

| | 

| 


Compound F and 
Substance S Found 





Mutant No. 

















Age of sample (hr) 
24 | 48 72 96 
% | % | % | % 
1E-423 Compound F | 58 | 57 | 50 | 41 
SubstanceS | 0 | O | O| O 
1E-425 Compound F | 53 | 53 | 44 | 41 
Substance 8 Or) Cry 6 | 0 
1-429 Compound F | 49 | 59 | 652 35 
Substance S 0o| 0} O | 0 
1E-718 Compound F | 57 | 55 56 | 58 
Substance § 0; oO; O}; O 
1E-719 Compound F | 48 | 52 53 | 54 
Substance 8 0; O 0; O 
1H-2 Compound F | 58 | 58 58 | 47 
Substance S | 49 43 23 | 25 
1H-14 Yompound F |" 49 | 54 57 | 58 
Substance S | 49 | 35 30 | 28 
1H-20 Compound F | 44 49 44 | 41 
Substance S | 4 | O 0 | 0 
1H-42 Compound F | 53 | 54 51 | 47 
SubstanceS | O | O | O 0 
1H-86 Compound F | 42 38 49 43 
Substance S 42 | 0 0 0 
1H-88 Compound F | 40 47 | 42 41 
Substance S | 30 0 0 | 0 
1H-89 Compound F | 46 | 56 | 56 | 56 
Substance S | 20 | 0 | O 0 
Parent culture Compound F | 49 | | 46 | 
(also adapted) | Substance 8 | 20 | O | 


| } | | 





* After 24 hr growth, each flask received 20 mg of substance 
S in 0.5 ml of dimethylformamide. Flasks were removed and 
assayed 24, 48, 72, and 96 hr after steroid charge. 
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medium in which the transformation was studied. The 
results are detailed in table 8. 

It is quite clear that maximum conversion to com- 
pound F occurs more rapidly in the cultures adapted to 
synthetic medium than has been obtained heretofore. 
The steroid balances also vary among the strains. With 
most strains the charged substance S is not present at 
24 hr. With others it is present in large amounts but 
disappears rapidly after that, not being found at 
48 hr. Strains 1H-2 and 1H-14 are particularly inter- 
esting in that the charged substance S disappears 
slowly. However, with the utilization of substance S 
there is no increase in compound F. Unless these two 
strains are markedly different from the others, it is 
doubtful if the substance 8, on disappearance, is being 
transformed to compound F which is being trans- 
formed further to an unidentified product. If this were 
true a delicate balance would have to be in operation. 
In addition, the relatively stable level of compound F 
in the transformation by the other mutants indicates 
the compound F is not being further converted. 

Our data show that the transformation of substance 
S to compound F can be affected by mutation. This 
approach appears to be the most promising for increas- 
ing the yield of this transformation. 
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SUMMARY 


A fungus isolate from a soil collected in El Salvador 
and identified as Curvularia lunata (Wakker) Boedijn 
was found to transform 11-deoxy-17a-hydroxycorticos- 
terone (substance 8) to hydrocortisone (compound IF), 

The transformation yield by cultures grown in a 
simple synthetic medium was approximately 50 per 
cent of the charged substance 8. Numerous medium 
variations and supplementations failed to increase this 
transformation yield. 

Auxotrophic mutants could be easily obtained from 
this fungus even though the spores are multicellular. 
The steroid transformation yield could be affected by 
mutation. 
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Several investigations have revealed that Clostridium 
hotulinum is sensitive to the polypeptide antibiotic sub- 
tilin (Andersen, 1952; Williams and Fleming, 1952; 
Andersen et al., 1953; Le Blane et al., 1953; Lewis et al., 
1954; Michener, 1955; O’Brien et al., 1956). For this 
and other reasons, subtilin has been extensively studied 
for its potential use in the preservation of canned 
foods (Campbell and O’Brien, 1955). Before subtilin 
can be employed safely in the preservation of certain 
low-acid canned foods, however, it is essential that in- 
formation be obtained on the ability of C. botulinum 
to become resistant to this antibiotic. Salle and Jann 
(1948) and MeVeigh and Hobdy (1952) have reported 
that several types of bacteria develop a resistance to 
subtilin after exposure to sublethal concentrations of 
the antibiotic. 

The present paper is concerned with the isolation and 
properties of a subtilin-resistant strain of Clostridium 
botulinum. 


EXPERIMENTAL MetruHops AND RESULTS 


Materials. Clostridium botulinum strain 62A was 
originally obtained from Dr. C. T. Townsend of the 
National Canners Association Research Laboratory, 
Berkeley, California and has been used in previous 
studies in our laboratory (Le Blane et al., 1953; O’Brien 
et al., 1956). Spore suspensions of the organism were 
prepared according to the methods described by 
Stumbo et al. (1950) and were stored at 4 C. The 
medium used for stock cultures was Eugonagar (BBL). 
Eugonbroth* was used for the sensitivity tests and for 
the development of resistance. Eugonbroth contained 


' Scientific Paper No. 1810, Washington Agricultural Ex- 
periment Stations, Pullman, Washington. Project 1290. This 
investigation was supported in part by a contract with the 
U.S. Department of Agriculture authorized by the Research 
and Marketing Act of 1946. 
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requirements for the degree of Master of Science in Bacteri- 
ology. Present address, Washington State Department of 
Health, Smith Tower, Seattle, Washington. 

' Baltimore Biological Laboratory, Inc., Baltimore, Mary- 
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the following ingredients in g per L of distilled water: 
Trypticase, 15.0; Phytone, 5.0; sodium chloride, 4.0; 
sodium sulfite, 0.2; L-cystine, 0.7; and glucose, 5.5. 
Eugonagar was prepared by the addition of 1.5 per 
cent agar to the broth. Subtilin of 70 per cent potency 
was obtained from Dr. J. C. Lewis of the Western 
Utilization Research Laboratory, Albany, California. 
All subtilin concentrations were calculated to 100 per 
cent potency. 

Development of a subtilin-resistant strain of C. botu- 
linum. To develop a subtilin resistant strain of C. 
botulinum the classical dilution tube technique was 
employed. Subtilin was added in a gradient concentra- 
tion series to tubes of Eugonbroth and the tubes were 
inoculated with 1.0 ml of a spore suspension of C. 
botulinum (1.6 X 10° spores per ml). 

The tubes were placed at 100 C for 5 min to heat- 
activate the spores. Following incubation under an- 
aerobic conditions (potassium carbonate-pyrogallol 
seal) at 30 C for 48 hr, the tube showing growth in the 
highest subtilin concentration was used to inoculate 
the next higher gradient concentration series of sub- 
tilin. This process was continued until a strain resistant 
to a subtilin concentration of 100 ug per ml was ob- 
tained (figure 1). In contrast, growth of the original 
parent culture of C. botulinum was inhibited by 4 ug 
per ml of subtilin. 

The resistant strain was isolated by the shake tube 
dilution method in Eugonagar containing subtilin 
(100 ug per ml). The isolated colonies were checked for 
purity by restreaking on BBL anaerobic agar followed 
by incubation in an anaerobic incubator’ under a 95 
per cent CO.-5 per cent N» gas mixture. The isolated 
resistant strain was carried in deep agar stab cultures 
in Eugonagar containing 0 and 100 ug of subtilin per 
ml. 

Stability of the subtilin-resistant strain. To test the 
stability of the resistant strain, 1.0 ml. of an actively 
growing culture was transferred every 48 hr in subtilin- 
free Eugonbroth for 18 transfers. The strain was then 
inoculated into Eugonbroth containing 100 ug per ml 
of subtilin. Good growth occurred within 24 to 36 hr, 
showing that the organism was still resistant to sub- 
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tilin. Spore suspensions of the resistant strain were 
prepared as previously described for the subtilin-sensi- 
tive parent culture of C. botulinum. Spores of the re- 
sistant strain were inoculated into Eugonbroth (10* 
spores per ml) containing 100 wg per ml of subtilin, 
heat-activated for 3 min at 100 C and incubated at 30 C 
for 3 days. Prompt growth of the cultures showed that 
the resistance to subtilin was carried through the spore 
stage of the resistant strain. 

Toxin production by the subtilin-resistant strain. A 
study was carried out to determine if the subtilin re- 
sistant strain of C. botulinum retained its ability to 
produce a lethal toxin. The resistant strain and the 
parent strain were grown in tubes of Eugonbroth (20 
ml of broth per tube) for 48 hr at 30 C. The cells were 
removed by centrifugation and the supernatant liquid 
was used as the source of toxin. A portion of the toxin 
was heated for 5 min at 100 C. Heated toxin and sterile 
uninoculated Eugonbroth were used as controls in the 
mice inoculation experiments. The pH of all materials 
used for the inoculation of mice was 6.8. Five white 
mice were inoculated with 0.02 ml of the resistant- 
strain toxin. An additional five mice were inoculated 
with 0.02 ml of the parent strain toxin. All of the mice 
died within 3.5 to 4.0 hr. Two mice were inoculated 
with 0.02 ml of sterile Eugonbroth and two mice with 
a double dose (0.04 ml) of the heated resistant-strain 
toxin. All of the control mice were alive after 48 hr. 
These results clearly show that the subtilin-resistant 
strain of C. botulinum was still capable of producing : 
potent toxin. 

Sporulation capacity of the subtilin-resistant strain. 
Routine phase-contrast microscopic examination of the 
resistant and parent strains growing in Eugonbroth re- 
vealed a difference in the sporulating capacity of the 
two strains in this medium. Though the parent strain 
sporulated well in this medium, very poor sporulation 
was observed with the resistant strain. In contrast to 
this observation, very little difference in sporulation 
capacity of the two strains was noted in the beef heart 
medium routinely used for spore production. As a re- 
sult of these observations, a study was carried out to 
determine what component of the beef heart medium 
was essential for spore production by the resistant 
strain. 

Several media were inoculated with the resistant 
strain and the parent strain. After 4 days’ incubation 
at 30 C, the contents of the tubes were well mixed and 
0.01-ml samples were removed for a direct microscopic 
count, using a phase-contrast microscope. The per- 
centage sporulation was calculated after counting the 
vegetative cells and spores present in 100 fields. The 
data presented in table 1 show that the meat particles 
are the essential component of the beef heart medium 
required for sporulation of the resistant strain of C. 
botulinum. The meat particles could not be replaced by 


L. L. CAMPBELL, JR. AND W. WINIARSKI 


[vou, 7 


by ashed particles, by Fet++, Mg++ or Mn++ ions, or 
by yeast extract. It was also found that Mn++ at 
level of 20 ug per ml stimulated spore formation of the 
parent culture in Eugonbroth. Manganese, however, 
did not enhance spore formation of the resistant strain 
in this medium. Further studies are in progress to 
identify the factor(s) in the particles that is required 
for spore production by the resistant strain. 

Nisin sensitivity of the subtilin-resistant strain. Since 
O’Brien ef al. (1956) have shown that the polypeptide 
antibiotic nisin was almost as effective as subtilin in 
killing the germinating spores of C. botulinum 62A, a 
study of the cross resistance of the subtilin-resistant 
strain to nisin was carried out. Tubes of Eugonbroth, 
adjusted to pH 5.3, and containing various levels of 
nisin, were inoculated with 0.1 ml of a spore suspension 
of the subtilin-sensitive parent strain. A duplicate series 
was inoculated with spores of the subtilin-resistant 
strain. The inoculated tubes were heated at 100 C for 
3 min to activate the spores, cooled, and incubated for 
4 days at 30 C. Growth was quantitated by measuring 
the absorbency at 540 my with a Bausch and Lomb 
Spectronic 20° colorimeter. The experiment was car- 
ried out at pH 5.3, since previous work has shown that 
nisin is inactive at pH 7.0. The data presented in table 
2 show that nisin inhibited the growth of both the 
parent and subtilin-resistant strains of C. botulinum. 
Therefore, the subtilin-resistant strain did not develop 
cross resistance to nisin. 

Attempts to demonstrate a “‘subtilinase”’ enzyme in the 
subtilin-resistant strain. A study was carried out to de- 
termine if the resistant strain produced an enzyme that 
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would hydrolyze or inactivate subtilin. Washed cell 
suspensions were prepared from cultures grown in 
Eugonbroth in the presence and absence of the anti- 
biotic. Washed cell suspensions, alumina-ground cell- 
free extracts, sonic extracts, and the cell-free growth 
medium were tested for their ability to hydrolyze or 
inactivate subtilin. The various potential enzyme ma- 
terials were incubated in the presence of subtilin (at 
levels of 30, 100, 500 and 1,000 ug); at pH values of 
7.0 to 8.5 at 0.5 pH-unit increments; in the presence 
and absence of metallic cofactors (Mgt*+, Mn*+, Cat, 
Zu+*+); at temperatures of 37, 40 and 45 C; for time 
intervals of 30 min to 4 hr; under both aerobie and 
anaerobie conditions. At the end of the incubation 
TABLE 1 


Spore formation by the subtilin-resistant and parent strains of 
Clostridium botulinum in various media 


Sporulation 
Media 

Resistance Parent 

strain strain 

BHIB* + meat particles 80 90 
eee ; A 1 90 
BHIB + Mn.** 1 95 
BHIB + Mg** 1 90 
BHIB + Fe.*** 10 90 
BHIB + Mn** + Mgt* + Fet+* 10 95 
BHIB + 0.1% ashed meat particles 1 90 
BHIB + 0.5% yeast extract 1 90 
Eugonbroth.... 1 50 
Eugonbroth + Mn** 1 90 
Eugonbroth + Mgt* 1 55 
Eugonbroth + Fet** 1 50 
Eugonbroth + Mn** + Mg*tt + Fettt 1 90 
Eugonbroth + 0.59) yeast extract 1 95 


* BHIB—Beef heart infusion broth. Mn,**+ Mg**, and Fet** 
were added in a concentration of 20 wg per ml as their sulfate 
sult. Incubation was at 30 C for 4 days. 





TABLE 2 








Effect of nisin on growth of subtilin-resistant and parent 
strain of Clostridium botulinum 


Absorbency Value at 540 mu 


Nisin* = 
Parent strain Resistant strain 
ug per ml 
0 0.69 0.72 
5 0.12 0.03 
10 0.138 0.04 
15 0.11 0.08 
20 0.11 0.02 
30 0.10 0.01 


* Nisin of 25 per cent potency was obtained from Dr. J. C. 
Lewis. All nisin concentrations are calculated to 100 per cent 
potency material. Cultures were incubated in Eugonbroth, 
containing various levels of nisin, at 30 C for 4 days and growth 
Was quantitated by measuring the absorbency at 540 mu. 
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periods, the potential enzyme material was removed by 
centrifugation or by precipitation with an equal volume 
of 3.0 m trichloroacetic acid followed by centrifugation. 
Since trypsin has been shown to inactivate subtilin 
(Dimick et al., 1947; Stansly and Ananenko, 1947; 
Sacks, 1955), parallel tests were run with trypsin (at 
an enzyme-substrate ratio of 4:1 on a weight basis) as 
a positive control. Appropriate controls were run with- 
out subtilin and without the various potential enzyme 
preparations in the reaction mixtures. 

Paper chromatography of the deproteinized reaction 
mixtures in several solvent systems failed to reveal the 
presence of any free amino acids or low molecular 
weight peptides. Somewhat to our surprise, the trypsin- 
treated subtilin control also failed to show the presence 
of free amino acids or peptides. Assays of neutralized 
reaction mixtures for subtilin activity with Bacillus 
stearothermophilus, using the procedure described by 
Denny et al. (1951), revealed that trypsin-treated 
subtilin was completely inactive. On the other hand, 
subtilin treated with various enzyme preparations ob- 
tained from the resistant strain of C. botulinum re- 
tained full antibiotic activity. 


DISCUSSION 


A toxicogenic subtilin-resistant strain of C. botulinum 
was isolated with comparative ease using the classical 
dilution tube technique (figure 1). The manner of de- 
velopment of the resistant strain from the parent sub- 
tilin-sensitive culture was not determined. Treffers 
(1956) has pointed out some of the pitfalls of the dilu- 
tion tube technique in measuring the rate of formation 
of antibiotie-resistant strains from antibiotic-sensitive 
cultures. The stability of the subtilin-resistant strain 
was shown by its nonreversion to subtilin sensitivity 
after several transfers in the absence of the antibiotic. 
Furthermore, stock cultures of the resistant strain 
carried for 2 years in the absence of subtilin maintained 
their resistance to this antibiotic. 

MeVeigh and Hobdy (1952) reported that, in the 
development of a subtilin resistant strain of Staphylo- 
coccus aureus, the cells had a tendency to enlarge, be- 
come slightly elongated, and to become gram negative. 
No morphological or cultural changes were found with 
the subtilin-resistant strain of C. botulinum. The re- 
sistant strain retained its ability to produce the potent 
exotoxin characteristic of this species. The only change 
noted in the resistant strain was its failure to sporulate 
well in media that promoted good sporulation of the 
parent subtilin-sensitive culture (table 1). 

Szybalski (1953) has discussed the ability of certain 
microorganisms to develop cross resistance to other 
antibioties after developing resistance to a specific, 
closely related antibiotic. Cross resistance was not de- 
veloped by the subtilin-resistant strain of C. botulinum 
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for the related polypeptide antibiotic nisin, indicating 
important differences in the two antibiotics. 

Studies on the enzymatic inactivation of subtilin re- 
vealed that the development of subtilin resistance was 
not due to the production by the resistant strain of an 
endo- or extra-cellular enzyme capable of inactivating 
subtilin. It was found also that the inactivation of sub- 
tilin by trypsin was not the result of extensive hydroly- 
sis of peptide bonds. The latter finding is in agreement 
with the independent observations of Dr. L. E. Sacks 
of the Western Utilization Research Laboratory, Al- 
bany, California (personal communication). 

The ease with which a stable, toxicogenic, subtilin- 
resistant strain of C. botulinum. was isolated raises 
serious doubt as to the advisability of using subtilin 
and mild heat treatments in the preservation of those 
low-acid canned foods where the growth of C. botulinum 
represents a potential health hazard. This does not 
mean, however, that subtilin could not be used effec- 
tively as a supplement to control the spoilage of low- 
acid canned foods by those organisms that are resistant 
to the heat processes employed to protect against C. 
botulinum (Campbell, Sniff, and O’Brien, 1959). 
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SUMMARY 


The isolation and properties of a toxicogenie sub- 
tilin-resistant strain of Clostridium botulinum are de- 
scribed. The possible use of subtilin in the preserva- 
tion of canned foods where C. botulinum is a potential 
health hazard is briefly discussed. 
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Previous investigations have revealed that Bacillus 
coagulans strain 43P is sensitive to the polypeptide 
antibiotie nisin (O’Brien et al., 1956; Campbell and 
Sniff, 1959; Campbell, Sniff, and O’Brien, 1959). It has 
also been found that nisin is effective in the control of 
the flat sour spoilage of tomato juice in inoculated 
pack studies with this strain of B. coagulans (Campbell 
et al., 1959). The literature on the possible applica- 
tions of nisin in food preservation has been reviewed by 
Hawley (1955, 1957). In view of the potential commer- 
cial use of nisin in the control of flat sour spoilage of 
tomato juice, it seemed worthwhile to investigate the 
nisin sensitivity of several strains of B. coagulans to 
determine if the findings with one strain hold generally 
for this species. The present report is concerned with 
the nisin sensitivity of 31 strains of B. coagulans. 


IeXPERIMENTAL METHODS 


Strains of Bacillus coagulans. The strain designation 
and source of each culture used are given in table 1. 
All cultures were identified as B. coagulans using the 
methods and characteristics described by Gordon and 
Smith (1949) and Smith et al. (1952). Stock cultures 
were maintained by monthly transfer on Difco nutri- 
ent agar slants and stored at 4 C. 

Materials. The proteose peptone acid agar of Frank 
(1955) as modified by Campbell and Sniff (1959) was 
used for spore production, spore counts, and vegetative 
cell counts. Nisin sensitivity was determined in basamin 
broth at pH 7.2 and pH 5.3, and in tomato juice, pH 
5.3. Basamin broth contained the following ingredients 
per L of distilled water: basamin,’ 3.0 g; glucose, 2.0 g; 
NavsHPO,, 2.5 g; KH,PO,, 1.0 g; NaCl, 1.0 g; NHC, 
1.0 g; MgSO,, 5.0 mg; FeSQO,, 5.0 mg; and CaCl, 5.0 
mg. Tomato juice was a grade A commercial canned 
product adjusted to pH 5.3 with 1.0 n KOH. All media 
were autoclaved at 121 C for 15 min. 

Nisin of 25 per cent potency was obtained from Dr. 
J.C. Lewis of the Western Utilization Research Labora- 


' Scientific Paper No. 1811, Washington Agricultural Ex- 
periment Stations, Pullman, Washington. Project 1290. This 
investigation was supported in part by a contract with the 
U.S. Department of Agriculture authorized by the Research 
and Marketing Act of 1946. 

2 Present address: Department of Microbiology, School of 
Medicine, Western Reserve University, Cleveland, Ohio. 

3 Basamin is a yeast autolysate sold by Anheuser-Busch 
Company, St. Louis, Missouri. 


tory, Albany, California. All antibiotic concentrations 
were calculated to 100 per cent potency material. 

Methods. Spore suspensions of B. coagulans were pre- 
pared and counted according to the methods described 
by Frank and Campbell (1957). 

To prepare vegetative cell suspensions, the cultures 
were grown for 24 hr at 55 C in basamin broth, pH 7.2. 
The broth cultures were then adjusted to an optical 
density of 0.5 at 525 my with sterile distilled water. 
Appropriate dilutions of the diluted broth cultures were 
plated in triplicate in proteose peptone acid agar and 
colony counts made after 3 days’ incubation at 35 C. 

Nisin sensitivity was determined by inoculating a 
known number of spores or vegetative cells (final cell 
concentration 10° cells per ml) into tubes of basamin 
broth at pH 7.2 and 5.3, and tomato juice at pH 5.5 
containing various levels of nisin. In measuring the 
nisin sensitivity of spores, the spores were heat acti- 
vated for 0.14 min at 104.4 C in a thermoresistometer 
(Stumbo, 1948) prior to inoculation into the test media. 


TABLE 1 


Sources of cultures of Bacillus coagulans 











—_ | baa 4 aoe ! —_ Source and Original Strain No. 
i 
| Ruth E. Gordon | | H. Proom 
1 | N.RS.T13 | 18 CN 2920 
2 N.R.S. T186 | 19 CN 2921 
4 N.R.S. 784 20 CN 2971 
5 | N.RS. 795 | 21 CN 2972 
6 | N.R.S. T2005 | 22 CN 2973 
| 23 CN 2974 
| C. S. Pederson | 24 CN 2975 
7 | Fi7 | 25 .CN 2976 
eo | 4 | 26 | CN 2977 
9 | NJ.5 | 27 | ON 2978 
10 | 27-1 | 
it. | 2 | National Canners Association 
12 C2273 28 3991 
H. Proom | J. C. Lewis 
14. | CN 2821 | 29 Wheaton 4 
15 | ON 2822 30. | Wheaton 1655 
16 | CN 2832 31 | Wheaton 1657 
17 CN 2835 32 | Wheaton 2253 
| | 
| | | National Canners Association 
i 43P 


43P | 


* Strains 3 and 13 were lost during laboratory handling and 
therefore were not used. 
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Each determination was carried out in triplicate at 
incubation temperatures of 35, 45, and 55 C. All tubes 
were incubated for 2 days, stoppered with sterile rub- 
ber stoppers to prevent media evaporation, and incu- 
bated an additional 5 days. Growth in basamin broth 
was determined by measuring the optical density at 
525 my with a Bausch and Lomb‘ ‘“Spectronic 20” 
colorimeter. Growth in tomato juice was determined by 
measuring the drop in pH employing a Beckman® 
model H pH meter. 
RESULTS AND Discussion 

In a preliminary screening it was found that growth 
in tomato juice, pH 5.3, of all 31 strains of B. coagulans 
was inhibited by a nisin concentration of 14 wg per ml 
at all three temperatures, using either spores or vegeta- 
tive cells at final cell concentrations ranging from 
1 X 10° to 2 X 10° cells per ml. In contrast, all 31 
strains grew in nisin-containing basamin broth, pH 
7.2, under the same test conditions. These findings 
indicated that nisin was more effective in acid than in 
slightly alkaline media. 

The next step was to determine if the difference ob- 
served in nisin sensitivity in the two media was a func- 
tion of pH or was due to differences in the composition 
of the media. The effect of nisin concentration on spore 
outgrowth and vegetative cell development in basamin 
broth at pH 5.3 and in tomato juice, pH 5.3, was 
studied. The results presented in table 2 show that all 
strains were inhibited by nisin in concentrations of 5, 
10 and 14 ug per ml in both media. At a nisin concen- 
tration of 1.0 wg per ml, growth of all strains except 6, 
17, and 18 was inhibited in basamin broth. In tomato 


‘ Bausch and Lomb Optical Co., Rochester, New York. 
5 Beckman Instruments, Inc., Fullerton, California. 


TABLE 2 
Nisin sensitivity of Bacillus coagulans* 


Test Media 





Nisin a a sania 
| Basamin broth, pH 5.3 Tomato juice, pH 5.3 
ug per ml Strains inhibited 
0.1 


| 1,4, 7, 8, 12, 15, 16, 19- | 15, 20, 27, 43P 

| 24, 26-28, 30, 43P 

1.0 | 1, 2, 4, 5, 7-16, 19-32, | 4, 5, 8, 10, 11, 14-16, 
| 43P 19-22, 24-28, 30, 43P 
5.0 | 1-32, 43P 1-32, 43P 

10.0 | 1-32, 43P 1-32, 43P 

14.0 | 1-32, 43P 1-32, 43P 








* Conditions as described in the text. Identical results were 
obtained when either spores or vegetative cells served as the 
inoculum, irrespective of the incubation temperature em- 
ployed. Those strains not inhibited by a particular level of 
nisin gave optical density values at 525 my in basamin broth 
ranging from 0.40 to 1.2 and lowered the pH of tomato juice 
from 5.3 to 4.0-4.2 depending upon the particular strain under 
study. 


[vou. 7 


juice, however, growth of strains 1, 2, 6, 7, 9, 12, 17, 
18, 23, 29, 31, and 32 was not inhibited by nisin at a 
concentration of 1.0 wg per ml. The growth of all 
strains except 2, 5, 6, 9, 10, 11, 17, 18, 25, 29, and 31 
was inhibited by 0.1 wg per ml nisin in basamin broth, 
In contrast, only the growth of strains 15, 20, 27, «nd 
43P was inhibited by this concentration of nisin in 
tomato juice. These findings show that nisin was more 
effective against B. coagulans in acid than in slightly 
alkaline media (Hawley, 1957); they also demonstrate 
that the composition of the medium does affect the 
nisin sensitivity of this species. 

The observation that a given concentration of nisin 
is equally effective against the spores and vegetative 
cells of B. coagulans is in keeping with the previous 
findings of Campbell and Sniff (1959), that nisin is, not 
sporocidal or sporostatic, but inhibits the subsequent 
outgrowth of germinated spores of this organism. 

The sensitivity of numerous strains of B. coagulans 
to low concentrations of nisin indicates that this anti- 
biotic might be used effectively in conjunction with 
mild heat treatments to control the flat sour spoilage of 
tomato juice (Campbell et al., 1959). Several other 
antibiotics have been studied for their effectiveness in 
controlling this type of spoilage without success (Kauf- 
mann et al., 1954). The only antibiotic other than nisin 
that has been shown to be effective in this connection 
is the related polypeptide antibiotic subtilin (Wheaton 
et al., 1957; Campbell et al., 1959). It must be remem- 
bered, however, that the present U. 8. Food and Drug 
Standards do not permit the use of nisin or subtilin 
as additives in tomato juice or other canned foods. 
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SUMMARY 


The nisin sensitivity of 31 strains of Bacillus coagulans 
was determined in basamin broth and in tomato juice. 
All strains were inhibited by 5.0 ug per ml nisin in 
both media. At a nisin concentration of 1.0 wg per ml 
in basamin broth, growth of 90 per cent of the strains 
was inhibited; in contrast, only 61 per cent of the 
strains were inhibited in tomato juice by this level of 
nisin. Growth of 61 per cent of the strains was in- 
hibited in basamin broth containing 0.1 yg per ml nisin. 
In tomato juice containing 0.1 wg per ml nisin, growth 
of only 12 per cent of the strains was inhibited. Studies 
on the effect. of pH indicated that nisin was more ef- 
fective in acid than in slightly alkaline media. The 
potential use of nisin to control the flat sour spoilage of 
tomato juice is discussed. 
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Corrosion is a problem that has plagued man ever 
since he turned to the use of metals; corrosion is defined 
as the destructive alteration of a metal by reaction with 
its environment. Corrosion, viewed in a broad sense, 
has two main causes; these are: 

1. Chemical—a direct cause. In this instance, an 
attack occurs on refined metals by acids, chemical 
fumes, moisture, and air. 

2. Biological—an indirect cause. This too is mediated 
by chemical action but, in itself, represents a unique 
ease. Within this category are found corrosion prob- 
lems due to the presence of microorganisms in indus- 
trial systems; the microorganisms of major importance 
include sulfur bacteria, iron bacteria, and ammonia, 
nitrate and nitrite utilizing bacteria. The presence of 
bacteria can result in conditions under which chemical 
corrosion occurs, Whereas, in the organism’s absence, cor- 
rosion ordinarily would not be found. A prime example 
of this situation is the microbiological attack and break- 
down of a chemical substance used as an anticorrosion 
agent, which loss results in corrosion. 

The present paper reports on a problem of this type; 
specifically, the destruction of sodium nitrite in open 
cooling water systems. This study investigated: (a) the 
relationship between bacterial activity and_ nitrite 
utilization, (b) techniques for mass propagation of 
Nitrobacter agilis for use both as a pure culture inocu- 
lum for controlled experimentation and as a source of 
raw material for some basic physiological research, (c) 
chemical screening (laboratory-scale operation) as re- 
gards the compounds’ effect on inhibiting nitrite oxida- 
tion by Nitrobacter agilis, and (d) the nitrite-stabiliz- 
ing capacity of various chemicals in circulating waters 
of pilot plant cooling systems. 


EXPERIMENTAL METHODS 
Culture Methods 


Nitrobacter agilis strain ATCC 9482 was purified by 
repeated transfers in an inorganic liquid medium fol- 


! These studies were under the direction of D. G. Lundgren 
and were aided by a contract between Solvay Process Division, 
Allied Chemical Corporation, and Syracuse University. 

? Portions of this investigation constitute part of a thesis 
submitted by Arthur Krikszens to the Graduate School of 
Syracuse University in partial fulfillment of the requirements 
for the Ph.D. in Microbiology. 
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lowed by selection of isolated clones, after plating out 
cells on either a silica gel inorganic medium or the 
inorganic medium containing Noble’s agar. Pure cul- 
tures were maintained by repeated transfer in a liquid 
inorganic medium. The first experimental medium 
used was that of Meiklejohn (1953). The medium com- 
position was: NaNO», 1.0 g; NaCl, 9.6 g; MgSOs, 0.14 
g; KH:PO,, 0.27 g; CaCOs, 10.0 g; FeSO,, 0.03 g; dis- 
tilled water to 1 L. The pH of the medium was ad- 
justed to 7.5 and autoclaved at 15 psi for 15 min. 

lor mass propagation of Nitrobacter agilis, the syn- 
thetic medium of Alexander and associates: (Alexander 
et al., 1957; Aleem and Alexander, 1958; Alexander and 
Aleem, 1958; Alexander and Engel, 1958) was em- 
ployed. The synthetic medium contained: 


q 

A. NaNO;...0.3. } 

MgSO. ..0.17 pin 500 ml water 

NaCl... ..0.17 | 
B. FeSO,....0.015 in 100 ml water 
C. KeHPO,;..0.17 in 200 ml water 
D. CaCl. ...0.06 in 100 ml water 
K. KHCOs;..1.50 in 100 ml water 

CC ES | ea ae ae 1000 ml 


autoclaved 


Seitz filtered 
autoclaved 
autoclaved 
Seitz filtered 


The components of the medium were treated as follows: 


A, C, D—adjusted to a pH of 8.0 before autoclaving 
B—not adjusted 

I—adjusted to pH 8.0 before filtering 

Final pH of medium after autoclaving was 7.5. 


The medium was compounded in 6-, 8- or 10-L 
quantities in either a 3- or 5-gallon solution bottle-type 
fermentor equipped with a sparger (bacteriological 
filter). Sterile air was supplied at a rate of 0.71 L per L 
per min by serial passage through a Kelly bottle packed 
with sterile glass wool and a humidifier containing 
sterile distilled water and fitted with a sterile porcelain 
filter candle before dispersion into the medium through 
a second sterile filter candle. Culture temperature was 
26 C to 28 C. Inocula were built up from shake cul- 
tures, grown in 250-ml] Erlenmeyer flasks containing 70 
ml of Alexander’s medium, to a volume of 10 per cent 
of the mass culture medium. Growth of N. agilis was 
maintained by a periodical recharging of the fermenta- 
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tion medium with 300 ppm nitrite approximately every 
10 hr. The recharging with nitrite maintained actively 
growing cultures for 1 to 2 weeks or until another com- 
ponent of the medium became the factor limiting 
growth. Using this procedure, sizable yields were ob- 
tained of pure cultures of N. agilis. 

Cells were harvested by continuous centrifugation in 
a Sharples* centrifuge; the cells were resuspended in a 
small volume of phosphate buffer (pH 7) and frozen. 
N. agilis stored in this manner remained viable for 14 
days; after 14 days viability dropped off rapidly. The 
stored cells were used both for inoculation purposes and 
for physiological studies. 

Prior to the employment of Alexander’s medium, at- 
tempts were made to modify Meiklejohn’s nitrobacter 
medium to increase growth of N. agilis. The effects on 
growth of pH and of different phosphate sources were 
studied. Growth and nitrite utilization were investi- 
gated in Meiklejohn’s medium at adjusted pH levels, 
ranging from 2 to 11, and employing shake cultures at 
a temperature of 28 C. Three different sources of in- 
organic phosphates were studied; these were tribasic 
sodium phosphate, sodium pyrophosphate, and sodium 
metaphosphate at concentrations ranging from 0.02 
to 0.04 g per L of medium. 

Different organic supplements to Meiklejohn’s me- 
dium were also investigated as regards growth promot- 
ing properties. The mineral medium was supplemented 
with various intermediates (added singly) common to 
the glycolytic cycle and the tricarboxylic acid cycle; 
these were (used at 1.0 g per L): calcium glycerophos- 
phate, fructose-6-phosphate, sodium pyruvate, potas- 
sium citrate, sodium succinate, sodium fumarate, L- 
acid, 
sodium oxalacetate, glucose-6-phosphate, isocitric acid. 


malice acid, a-ketoglutarie acid, oxalosuecinic 


Chemical Screening for Nitrite Stabilizers Using 
Shake Cultures 


A rapid screening test for detecting chemicals inter- 
fering with the oxidation of nitrite by N. agilis was 
carried out in the following manner: Chemicals to be 
tested were added in two concentrations (1 ppm and 
10 ppm active ingredients) to the nitrobacter medium 
containing 300 ppm sodium nitrite, so that the final 
volume in 250 ml Erlenmeyer flasks after inoculation 
was 50 ml. Each flask was inoculated with 1 ml of a 
nitrobacter stock culture containing 1 X 10° cells per 
ml. The flasks were shaken on a rotary shaker at room 
temperature. Nitrite levels were determined every 
third day for a period of 12 days. 

Compounds inhibiting some growth of N. agilis were 
also tested at 50 ppm in shaken flasks prior to an in- 
vestigation at the pilot plant level. The chemical com- 


*The Sharples Corporation, Philadelphia, Pennsylvania. 
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pounds screened included: 


2 ,4-Dinitrophenol 

Sodium azide 

Sodium fluoride 

Sodium iodoacetate 

Sodium malonate 

n-Butyl-p-hydroxybenzoate 

Hydroxylamine hydrochloride 

8-Hydroxyquinoline 

Copper-8-quinolinolate 

Urethan (ethyl carbamate) 

Sulfanilamide 

Ottacide (dichloro-m-xylenol [position of Cl groups 
not known] 3,5-dimethyl-2 ,4-dichlorophenol) 

p-Nitrophenylhydrazine 

Pyridylmercuric acetate (technical) 

4-Chlororesorcinol 

Hyamine 2389 (alkyl tolylmethyl 
monium chloride) 

Winroe (methylalkylbenzyl trimethyl 
chloride) 

Roceal (alkyl dimethyl benzylammonium chloride) 

Versene T 

Bionol A-50 (alkyl dimethyl ammonium chloride) 

Shirlan A (salicylanilide) 

Dowicide A (sodium o-phenylphenate) 

Dowicide B (sodium 2 ,4,5-trichlorophenate) 

Agri-Mycin 100 (streptomycin 15.0%-oxytetracy- 
cline 1.5%) 

Agri-Strep (streptomycin sulfate 37 %) 

Vaneide 51 (sodium salt of dimethyldithiocarbamic 
acid plus the sodium salt of 2-mercaptobenzo- 
thiazole 30%) 

Preventol GDC (2,2’-methylenebis|4-chlorophenol]) 

Ottasept 430 (p-chloro-m-xylenol) 

Arquad S (alkyl trimethyl ammonium chloride, 
technical) 

Milban D (zine dimethyldithiocarbamate 71.2%) 

Naleo D-1486 (commercial corrosion inhibitor) 

Naleo D-1487 (commercial corrosion inhibitor) 

Naleo D-1488 (commercial corrosion inhibitor) 

Nalco 889 (commercial corrosion inhibitor) 

Butrol (phenylmercurie acetate and potassium 
o-phenylphenate) 

Bufen 30 (phenylmercurie acetate) 

BSM-11 (phenylmercurie acetate and potassium 
2 ,4,6-trichlorophenate) 

Busan 881 (disodium cyanodithioimidocarbonate) 

Duponol ME (sodium laury] sulfate) 

Daxad 11 (sodium alkylnaphthyl] sulfonate) 

Arquad 12 (alkyl trimethyl ammonium chloride) 

Arquad T-50 (alkyl or dialkyl methyl ammonium 
chloride) 

Duomeen C (N-alkyl trimethylamine) 

Arquad C-50 (quaternary ammonium chloride) 

Chromium chloride (CrCl;-7H:O) 


trimethyl am- 


ammonium 








ho 


Duromium (Cr2(SO4)3- K2SO4-24H20) 

p-Nitroaniline 

Preventol 1 liquid (sodium trichlorophenate 50%) 

Sterimine (2,4,6-tris[chloroamino]triazine 55.5%) 

Tin-San (tributyltin-abietylamine ethylene oxide ad- 
duct) 

o-Dianisidine 





Figure 1. Photograph shows a front view of three pilot 
plant cooling towers with the cooling water flowing over the 
wooden baffles. The water level of the reservoir was main- 
tained by means of an automatic float valve located in the 
reservoir. 





Figure 2. Photograph shows a close-up of the back of a 
single pilot plant containing the heating element, water pump, 
and switch box. 
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Pilot Plant Studies 


The pilot plants used in this project were modified 
models of the open cooling water pilot plant deseriled 
by Haering (1941). Modifications included the elimiiia- 
tion of the removable pipe corrosion study sections 
and construction of a single set of baffles rather than 
the double set so described. Six units were employed 
for this investigation. Photographs of the units are 
shown in figures 1 and 2. 

Following development of mass culture techniques 
for growing nitrobacter, large enough numbers of cells 
were available to make studies at the pilot plant level 
meaningful. Nitrite loss in the circulating water was 
first investigated under normal conditions, that. is, 
under conditions where no known bacterial inoculum 
was added to the system. The pilot. plants were charged 
with 9 L of water, and 500 ppm sodium nitrite. Nitrite, 
nitrate, and ammonia levels were checked daily using 
the methods of Snell and Snell (1954). Bacterial plate 
counts of the cooling water were made employing nu- 
trient agar for isolation of the heterotrophic popula- 
tions and either washed agar or Noble’s agar supple- 
mented with Alexander’s medium for isolation of 
Nitrobacter agilis. 

Sodium nitrite levels (500 ppm) in the circulating 
water of the pilot plants were studied after inoculation 
of the water with known amounts of Nitrobacter agilis. 
The inoculum contained approximately 1 X 10° cells 
per ml, which number was determined using a Petroff- 
Hausser* counter; 20 ml of inoculum were used. Am- 
monium and nitrate levels were also checked throughout 
the run. Bacterial cell counts of the water were deter- 
mined as outlined above. 

All pilot plants were exposed to normal atmospheric 
conditions. The water levels were automatically regu- 
lated by means of a float valve. Temperature was regu- 
lated by a thermostat heating element; the temperature 
of the water of the reservoir was approximately 28 C. 

The effects of various chemical agents on stabilizing 
the nitrite levels of the circulating water were studied. 
Some chemicals were tested without prior testing in 
shake culture; the remainder examined were demon- 
strated to have had some inhibitory effect upon nitro- 
bacter. Those commercial germicidal or bacteriostatic 
chemicals (stabilizers) tested without any previous 
screening at the laboratory level were: sorbic acid, 200 
ppm; sodium propionate, 200 ppm; methyl-p-hydroxy- 
benzoate, 200 ppm; propyl-p-hydroxybenzoate, 200 
ppm; zine sulfate, 200 ppm; ammonium sulfate, 200 
ppm; ammonium phosphate, 200 ppm; ammonium 
nitrate, 200 ppm; ammonium acetate, 200 ppm; am- 
monium molybdate, 200 ppm; streptomycin sulfate, 
100 ppm. When a sensitive analytical method was 
readily available, the level of the chemical stabilizer at 


*C. A. Hausser and Sons, Philadelphia, Pennsylvania. 
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different times was quantitated along with the levels of 
nitrite, nitrate and ammonia. Sorbie acid, zine sul- 
fate, ammonium compounds and streptomycin sul- 
fate were quantitated; the anlytical methods were 
Melnick and Luckman, 1954, Humphries, 1956, Snell 
and Snell, 1954, and Grove and Randal, 1955, re- 
spectively. Bacterial counts were checked daily. Of some 
34 compounds screened at the laboratory level, as re- 
gards their stabilizing effect on nitrite, 10 were selected 
for testing at the pilot plant level; these compounds 
were: sodium iodoacetate, 10 ppm; sodium azide, 1 and 
10 ppm; Hyamine, 50 ppm; Winroc, 50 ppm; Preventol 
GDC, 50 ppm; Milban, 50 ppm; Butrol, 10 ppm; 
Bufen 30, 10 ppm; BSM 11, 10 ppm; Arquad 8, 10 ppm. 


Heterotrophic Contaminants 


Heterotrophic contaminants found in the pilot plant 
circulating water were isolated employing standard 
bacteriological methods. The isolates were maintained 
as pure cultures. Isolates were identified using the 
standard battery of biochemical tests and physiological 
reactions recommended in the Manual of Microbiologi- 
cal Methods (1957). All isolates were tested in static 
culture in a synthetic medium as regards their ability 
to utilize ammonia, nitrite, and nitrate as the sole 
source of nitrogen. The basal medium contained (per 
cent): NasHPOs, 0.3; KH.PO,, 0.1; Ke»HPO,, 0.05; 
MgSOg, 0.02; Na acetate, 0.16; glucose, 0.2; Na citrate, 
0.2; nitrogen source, 0.6; and trace elements of boron, 
5 X 10-*; calcium, 5 X 10~-*; copper, 1 X 10~°; iron, 
2X 10; manganese, | X 10-4; zine, 2 X 10-*. The 
pH of the medium was adjusted to 6.8 and autoclaved 
for 15 min at 15 psi. Fifty ml of medium were dis- 
pensed in 250-ml Erlenmeyer flasks, inoculated with a 
1 per cent inoculum and stored at 28 C for 12 days. 
Nitrogen levels were determined every third day. 


RESULTS 
Culture Studies 

Purification of Nitrobacter agilis required as many as 
25 transfers in liquid medium, followed by streaking on 
a solid medium before single clone isolates gave pure 
cultures. Criteria for purity were (1) no growth on 
nutrient agar after 14 days at 30 C, and (2) micro- 
scopic examination. 

Growth of N. agilis in Alexander’s medium in the 
fermentor was fairly heavy after 7 days’ incubation. 
After the cells were harvested in the Sharples* centri- 
fuge, a heavy paste of cells was obtained; upon resus- 
pending the cells in 100 ml of phosphate buffer (pH 7), 
the final cell count averaged 1 X 10” to 1 xX 10% 
cells per ml as counted with the Petroff-Hauser cham- 
ber. 

Results of growth studies in shake culture using 
Alexander’s basic medium and employing pure culture 
inocula showed a complete loss of nitrite by 6 days 
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(figure 3) with an increase in cell population. Ammonia 
production was negligible, and the nitrate level rose in 
the inoculated medium stoichiometrically. Nitrite loss 
in the absence of inoculum was negligible over a period 
of 28 days. 

Results of pH studies made with Meiklejohn’s 
medium indicated that the range of nitrite utilization 
by nitrobacter was from pH 4 to pH 11; however, the 
range for optimum utilization was only pH 7.5 to pH 8. 
On either side of this optimum, nitrite utilization fell 
off rather rapidly as did growth. 

Results of phosphate studies with Meiklejohn’s 
medium showed that the source of phosphate does play 
a role in growth of nitrobacter. A highly soluble, and 
therefore available, source of inorganic phosphate such 
as KH.PO, must be available to support the growth of 
nitrobacter. Sodium pyrophosphate (NayP.07-10H2O) 
and sodium metaphosphate (NaPQO;) did not support 
growth or nitrite utilization; tribasic sodium phos- 
phate (NasPO,4-12H.O) did support some nitrite utili- 
zation but very little growth. 

The additions of organic supplements to the medium 
of Meiklejohn had no effect on enhancing growth. 
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Figure 3. Nitrite oxidation in cooling waters and in nitro- 
bacter medium. O = nitrite oxidation in shaken flasks inocu- 
lated with Nitrobacter agilis; @ = uninoculated flasks (auto- 
oxidation); A = nitrite oxidation in the cooling water of 
pilot plants inoculated with N. agilis; A = uninoculated 
cooling water. 
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Compound Tested 


2,4-Dinitrophenol 


Sodium fluoride 


Sodium iodoacetate 


Sodium malonate 


Hydroxylamine- HCl 


Copper-8-quinolinolate 


Urethan 


Pyridylmercuric acetate 


Sodium azide 


n-Butyl-p-hydroxyben- 
zoate 


8-Hydroxyquinoline 


Sulfanilamide. . 


Ottacide 


p-Nitrophenylhydrazine 


4-Chlororesoreinol........ 


Hyamine........ 
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NOs Level 


Initial | Final 
ppm | ppm 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 | 150 
300 0 
300 0 
300 0 

| 300 0 
300 0 
300 0 
300 0 
300 | 260 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 | 277 
300 0 
300 | 280 
300 | 300 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 
300 0 | 
300 0 
300 | 280 
300 | 280 
300 0 


Effects of chemical stabilizers upon nitrite oxidation 
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10 
10 
10 
10 
10 
10 
10 
12 
10 


10 
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Chemical Screening in Shake Cultures for 
Nitrite Stabilizers 


Table 1 shows the results of chemical screening tests. 
Results are expressed in terms of the change in the 
nitrite levels (ppm) and the time (days) needed for the 
change to occur. 


Pilot Plant Studies 


Results of pilot plant studies in which the cooling 
water was charged with 500 ppm of nitrite and un- 
inoculated (under normal atmospheric conditions), 
showed the loss of nitrite to be slow. A loss of nitrite 
occurred; however, the loss extended over a period of 
28 (or more) days. In plants charged with 500 ppm of 
nitrite and inoculated with nitrobacter (20 ml of 1 X 
10° cells per ml suspension), the results showed a very 
rapid and precipitous drop in the nitrite level; the 
zero level of nitrite was obtained by 6 days (figure 3). 
Nitrite loss in pilot plants receiving an inoculum closely 
paralleled nitrite loss in inoculated shaken flasks, 
whereas nitrate and ammonia levels generally remained 
negligible, never exceeding 5 to 10 ppm. 

Nitrobacter cell counts of the inoculated water of the 
pilot plants increased with time, going from approxi- 
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Figure 4. Bacterial growth curves of cooling water charged 
with nitrite. O = heterotrophic cells; @ = Nitrobacter agilis. 
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mately 1 X 10° cells per ml to 1 X 10° cells per ml. 
Heterotrophie populations increased from about 1 xX 
10? cells per ml to 1 X 10° cells per ml (figure 4). 

Sorbic acid had little stabilizing effect on nitrite, and 
was lost from the uninoculated nitrite-charged system 
rather rapidly; exhaustion of the acid was complete by 
8 days. Nitrite levels dropped slowly and evenly the 
first 8 days until a low level of sorbic acid was reached; 
after this, nitrite levels dropped more rapidly, reach- 
ing zero by 22 days. With the addition of nitrobacter 
to the circulation water, the nitrite level dropped to 
zero in 16 days; the level fell from 400 ppm to zero in 
the last 8 days, at which time sorbic acid levels were 
zero. The net effect of sorbic acid was to extend the 
nitrite utilization time 6 days. 

The effect of sorbic acid on growth of heterotrophs 
as well as autotrophic nitrifiers was negligible and did 
not cause any major deviations from the growth curves 
shown in figure 4. 

The majority of other stabilizing compounds tested 
without previous laboratory screening showed the same 
general nitrite patterns. Generally, the stabilizers 
saused a short lag which was followed by a rapid loss 
in nitrite; nitrite exhaustion from the cooling water oc- 
curred by 20 days. Exceptions to the general picture 
were noted in the case of zine sulfate, streptomycin 
sulfate, and ammonium phosphate. Zine sulfate in 
three concentrations (100, 200, 400 ppm) had a stabiliz- 
ing effect upon nitrite for 44 days. Streptomycin sul- 
iate prevented complete nitrite loss for 40 days. Am- 
monium phosphate had an enhancing effect. on nitrite 
loss, where the nitrite level fell to zero by 6 days. 

The ammonium compounds caused a very rapid rise 
in the heterotrophic population (1 X 10° cells per ml 
by 5 days). Nitrobacter counts rose slowly in the pres- 
ence of high levels of ammonium ions; however, the 
cell numbers increased as the ammonium ion level de- 
creased. The addition of ZnSO; to the circulating 
water checked bacterial growth for 23 days, whereas 
sodium propionate, methyl-p-hydroxybenzoate, and 
propyl-p-hydroxybenzoate had no demonstrable effect 
upon the bacterial growth. 

Table 2 lists 10 compounds, previously tested at the 
laboratory level, which retarded nitrite oxidation. 
Only two of these when tested in the pilot plants were 
able to stabilize the nitrite in the cooling waters for 
more than 20 days. Pilot plants inoculated with N. 
agilis had no nitrite after 6 days (control) whereas 
uninoculated units showed zero nitrite levels by 28 
days (figure 3). Sodium azide (10 ppm) in the cooling 
water retarded nitrite utilization considerably. The 
nitrite zero level was not reached until the 43rd day. 
Preventol GDC stabilized nitrite in the cooling water 
for 31 days. 

The effects on growth of microorganisms in the cool- 
ing water by the ten compounds shown in table 2 were 


[von 7 


very similar; exceptions were noted with sodium azide 
and Preventol GDC. All eight compounds caused a lag 
in the growth of both heterotrophic and autotrophic 
populations, although the results of cell counts indi- 
‘ated that both populations eventually reached num- 
bers approaching those found in the cooling water 
charged with only nitrite. The azide prevented growth 
in the cooling water for 7 days; thereafter, total growth 


TABLE 2 
Nitrite stabilizing ability of compounds in circulating water 
of cooling systems 











. NOs2 Level 
Compound Tested ‘ee % a 

| Initial | Final | 

ppm | ppm ppm | 
Sodium iodoacetate. ‘| 10 500 | 0 | 6 
| Control | 500 | 0 | 6 
Sodium azide 4 1 | 500 | 0 | 20 
| 10 | 500) 0} 43 
| Control | 500) 0 | 6 
Hyamine | 50 | 500 | 0] 20 
Control | 500 | 0 6 
Winroe | 50 | 500] 0] 20 
| Control | 500 0 6 
Preventol GDC......| 50 | 500} 300 31 

(Experiment 
stopped) 

Control 500 0 6 
Milban D.. ‘ 50 | 500 | 0 10 
Control | 500|) 0) 6 
Butrol | 10 | 500} 0 10 
| Control | 500} 0 6 
Bufen 30 3% 10 500 | 0 | 20 
| Control | 500] 0 | 6 
BSM 11... | 10 | 500] of 8 
| Control | 500 0 | 6 
Arquad-S je 10 | 500 | 0 | 8 
| | 6 

| 


Control | 500 | 0 


} 
} 


TABLE 3 
Utilization of nitrogen sources for growth by microorganisms 


isolated from cooling water 


Nitrogen Source 
Organism So eee ree 


Sarcina lutea. : hed a = 4 = =a 
Micrococcus pyogenes var. albus (Sta- | 
phylococcus aureus)....................) _ _ 
Micrococcus epidermidis (Staphylococcus 
SMMOTINIMED occ 5o on iacins Gee go cine « - | - _ 
Bacillus sphaericus. Rim a f= _ 





Bacillus brevis... SR Ree: eae, © }. ae 
Bactilus eubtiles. .. 0.60065 66s ens Jo—- | + | + 
Pseudomonas putrefaciens................)| — | — | + 
Wacherichia Jreumdss ..... 2.5665 Doce ee es be: | + | + 


Flavobacterium aquatile................. _ | | 
Flavobacterium diffusum........... shatters — | 
MICRIAGONES ULECOBUS... 0.2.0.5 e cece enn] = | _ - 
SS Oe a ee aE + | 
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was sluggish and nitrobacter cell counts never exceeded 
1 X 10° cells per ml. Preventol GDC had a similar 
effect on bacterial growth, highest nitrobacter count 
recorded being 1 X 10* cells per ml. 


Heterotrophic Contaminants 


Contaminants isolated from the pilot plant cooling 
waters were identified as bacteria except for one yeast. 
The yeast was tentatively identified as a Rhodotorula 
sp. The genera of bacteria represented were Escherichia, 
Bacillus, Pseudomonas, Sarcina and Alcaligenes. 

Table 3 shows the different heterotrophic contami- 
nants isolated and also their ability to use nitrite, 
nitrate or ammonia as a nitrogen supply for growth in 
the experimental synthetic medium. 

DiscussION 

Biological oxidation of nitrite was investigated in the 
circulating water of cooling systems; the mechanism 
for nitrite loss was the oxidation of nitrite to nitrate. 
This fundamental reaction is one carried out by the 
chemoautotrophic bacterium Nitrobacter agilis, and is 
the reaction from which energy is derived for growth 
and/or respiration. Results of experimental work re- 
ported here demonstrate that the genus Nitrobacter is 
at least one of the major causes of nitrite depletion in 
cooling water systems. 

It was apparent from a survey of the literature that 
basic knowledge was limited pertinent to the biology 
and biochemistry of nitrobacter. Consequently, re- 
search ramified into a program encompassing the 
applied aspects of the problem as well as into some 
basic areas, for the applied problem was predicated 
upon certain basic information. To study the relation- 
ship between bacterial action and nitrite oxidation, 
large quantities of nitrobacter (in pure culture) had to 
be propagated. The use of classical media reported in 
the literature and direct modifications thereof gave un- 
satisfactory growth results. The development of a 
successful growth medium by Alexander and his group 
and the application of this medium proved fruitful to 
the solution of our problems of culture purification and 
mass propagation of Nitrobacter agilis. 

There were several striking differences in Meikle- 
john’s medium from that of Alexander’s; the most 
notable difference was the concentration of nitrite. 
Meiklejohn’s medium contained 1000 ppm_ nitrite, 
whereas that of Alexander’s contained only 300 ppm. 
The lower concentration employed in Alexander’s 
medium apparently allows the organism to establish 
itself in the medium. A second difference in the media 
was in the concentration of iron (FeSO,); Alexander’s 
medium contained one-third the concentration of iron. 
lron, in increasing concentration, does stimulate nitrite 
oxidation but only up to a certain level; beyond a con- 
centration of 10 ppm iron appears to become inhibitory. 


The pH of the medium employed by Alexander’s group 
was 7.5 to 8.0 whereas that of Meiklejohn’s medium 
was 7.0. The higher pH seems to enhance growth and 
nitrite utilization. 

After the successful development of techniques for 
mass propagation of pure cultures of Nitrobacter agilis, 
a chemical screening was feasible at both the laboratory 
and pilot plant levels for nitrite oxidation inhibitors. 
The chemical screening program employed was simple 
and direct. It was felt that if a chemical stabilizer in 
small concentrations could slow down or inhibit the 
utilization of nitrite by nitrobacter in shake culture, 
then it should be tested at the pilot plant level. 

It was apparent from the results that most of the 
bacteriostatic and bacteriocidal agents used commer- 
cially or in research laboratories (as competitive or non- 
competitive inhibitors) proved ineffective against 
nitrobacter. The chemical compounds tested under the 
screening program fell into one of two general cate- 
gories: (1) compounds such as sodium azide, which 
inhibited or slowed down utilization of nitrite, and (2) 
compounds such as the ammonium derivatives, which 
did not inhibit oxidation. Those compounds that did 
inhibit nitrite oxidation most likely did so by directly 
inhibiting important metabolic processes of this micro- 
organism. No attempt was made to uncover the mecha- 
nism of action of any of the stabilizers. The fact that 
some compounds did not stop nitrite loss is best ex- 
plained by the conception that these compounds 
failed to inhibit because of the particular metabolic 
mosaic of nitrobacter or because of permeability proper- 
ties. Some test compounds even enhanced nitrite loss, 
which action was by either direct chemical action with 
the nitrite (oxidation or reduction) or through some 
type of a supplementary biological action directly or 
indirectly linked to nitrite oxidation. 

Whereas the laboratory screening program allowed an 
investigation of the merits of various stabilizers under 
restricted conditions, the pilot plant tests did permit 
an investigation of these compounds under conditions 
approaching those of industry. In the cooling water, 
the chemical compound was required to stabilize the 
nitrite under most complex conditions. Some of the 
variables common to pilot plants were agitation, aera- 
tion, pH, and biological and chemical contamination. 
Contamination included that of the ubiquitous micro- 
organisms of air, soil, and so forth, where chemical 
contamination of the cooling water came from contact 
with metal and wood. To require a compound to sta- 
bilize the nitrite level as well as remain stable itself 
under the constant fluctuations of these many condi- 
tions is a rigorous demand. 

It might be emphasized that the conditions under 
which a compound was tested at the pilot plant level 
were somewhat controlled, that is, controlled in the 
sense that a known inoculum of Nitrobacter agilis was 
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added to the circulating water. The autotroph added 
certainly exceeded by far the number of nitrobacter 
organisms one would expect as contaminants in a sys- 
tem under normal industrial operation conditions. In 
this regard, it was felt that this (inhibiting nitrite 
oxidation by nitrobacter) was the most stringent of the 
requirements set up as the criteria for screening these 
compounds. 

Further, it was felt that any compound which could 
stabilize nitrite levels, even partially, under these 
pilot plant conditions merits further investigation as 
it has potential value to industry. 
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SUMMARY 


Preliminary studies are discussed as regards the 
physiology of Nitrobacter agilis. The relationship of the 
presence of nitrobacter as a contaminant in circulating 
water of cooling systems and the stability of nitrite as 
an antioxidant was studied. Flask-scale screening tests 
of compounds for their ability to stabilize nitrite in 
cooling systems against oxidation by microorganisms 
was presented and results discussed. Those compounds 
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showing promise at the bench-level were further {sted 
at the pilot plant level. 
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The elongation of rice plants induced by the applica- 
tion of cell-free culture filtrates from the liquid culture 
of Fusarium moniliforme was first demonstrated in 
1926 by Kurosawa. Twelve years later, Yabuta and 
Sumiki (1938) were able to isolate in crystalline form 
two growth-promoting compounds, gibberellins A and 
B, from filtrates of this organism; gibberellin A was 
the main substance obtained. In 1954, Curtis and Cross 
reported the discovery of a third metabolite, gibberellic 
acid, from a culture filtrate of Gibberella fujikuroi, the 
perfect stage of /’. moniliforme. This finding was con- 
firmed the following year by Stodola et al. (1955) and 
Takahashi et al. (1955). Brian and Grove (1957) have 
written an excellent comprehensive review of the gib- 
berellins with emphasis placed upon gibberellic acid. 
It is this compound with which we are concerned at 
this time. A complete literature review has been pre- 
pared by Stodola (1958). 

The strain of Fusarium moniliforme strain Kew no.917, 
which we used for these investigational studies, was the 
one reported by Borrow et al. (1955) to give the highest 
yield of gibberellic acid. With this culture and a medium 
composed of glucose, 40 g per L; ammonium tartrate, 
9.5 g per L; monopotassium phosphate, 2.0 g per L; 
potassium sulfate, 0.6 g per L; and magnesium sulfate, 
0.2 g per L; they obtained 180 mg per L gibberellic 
acid. The yields obtained by Borrow et al. in a medium 
used by Yabuta, Sumiki, and Uno (1939) consisting of 
glycerol or glucose, ammonium chloride, and mono- 
potassium phosphate were negligible with all of the 
Kew cultures. 

The former value of 180 mg per L gibberellic acid is 
substantially greater than that of 22 mg per L reported 
by Stodola et al. (1955) in a medium consisting of glu- 
cose, 15 g per L; monopotassium phosphate, 3 g per L; 
ammonium chloride, 3 g per L; and magnesium sulfate, 
3g per L. Using the Kew no. 917 culture we obtained 
gibberellic acid yields of 880 mg per L in shaker flasks 
and 650 mg per L in 1000-gallon fermentors. 


EXPERIMENTAL METHODS 
Fermentation 


The stock strain of Fusarium moniliforme was ob- 
tained from the Commonwealth Mycological Institute 
ut Kew as no. 917. Subcultures were carried at 28 C 
on potato-glucose agar slants and transfers were made 
directly to the inoculum flasks. The inoculum flasks 


contained 100 ml sterile medium of the following com- 
position: 


Corn steep liquor........ 15 g per L 
ed aa 30 g per L 
Ammonium sulfate...... 2 g per L 
Calcium carbonate....... 7 g per L 


The inoculated flasks were incubated at 28 C for 
24 to 48 hr on a reciprocating shaker with 2-in. stroke 
at 104 cycles per min. Four per cent by volume of the 
inoculum was used in flask experiments and 1 per cent 
two-stage inoculum was used for tank studies. 

The basal fermentation medium contained 25 g of 
corn steep liquor, 1 g ammonium sulfate, and 0.5 g 
potassium dihydrogen phosphate per L. Flask fermen- 
tations were conducted in 250-ml Erlenmeyer flasks 
containing 50 ml medium at 28 C on a rotary Gump! 
shaker running at 240 rpm. In general, the fermenta- 
tions were extended for a 7-day period. 

Deep tank fermentations were carried out in 50- 
gallon, 650-gallon, and 1000-gallon fermentors with an 
appropriate degree of aeration and agitation. The tem- 
perature was kept at 30 C throughout the 6- or 7-day 
fermentation period. 


CHEMICAL ANALYSES 


Gibberellic acid. Whole broth samples were centri- 
fuged at 2000 rpm for 10 min, and photofluorometric 
assay determinations were carried out in accordance 
with the following unpublished method of Dr. J. Pierce 
of these laboratories. (A similar method has been re- 
ported by Theriault et al. (1958).) 

1. Dilute centrifuged broths with water to obtain 
an estimated concentration of 5 to 10 ug per ml. 

2. Add 0.1 ml of diluted broths to test tubes and 
dry under vacuum. 

3. Add 0.5 ml of 83.3 per cent sulfuric acid in abso- 
lute aleohol, and mix thoroughly by rolling. 

4. Heat tubes in 75 C water bath for 1 min, cool in 
tap water. 

5. Add 10 ml of 28.6 per cent sulfuric acid and mix 
vigorously. 

6. Read in Coleman? photofluorometer Model No. 
12A after standing a minimum of 10 min. 


1B. F. Gump Co., Chicago, Illinois. 
2 Coleman Instruments, Inc., Maywood, Illinois. 
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7. The standard curve may be prepared from a sam- P 
ple of pure gibberellic acid. For routine work, a fluoro- $600 g 19 
metrically equivalent amount of quinine solution Et 
prepared in 0.1 N sulfuric acid may be used in place 3 3 300 18 
of the gibberellic acid standard. wm dd 
Total carbohydrate. The centrifuged broth samples os 47 
were diluted, and the total carbohydrates were deter- 2s pH 
mined by the anthrone method of Morris (1948). 5 - 76 
- = 
pane B.S 700 Gibberellic Acid r 
Our medium for the fermentation of gibberellic acid - E 1008 « at q4 
differs from that of Borrow et al. (1955) in the addition 3% \ 
of a slowly utilized carbon source and corn steep liquor. oe Corkins 4 


Although the organism grows rapidly, the production 
of gibberellic acid is relatively slow with maximum 
yields obtained in 7 to 8 days with the media studied. 
The slowly utilized carbon source apparently permits 
more effective production of gibberellic acid after the 
maximum rate of growth has been obtained with the 
rapidly utilized glucose, sucrose, or corn starch. The 
yields obtained in shaker flasks with various carbon 
sources are presented in table 1. This table shows that 
the highest amount of gibberellic acid was produced 
with glycerol, 20 g per L; glucose, 10 g per L; and lac- 
tose, 20 g per L. Using these carbon sources, yields in 
shaker flasks averaged 880 mg per L. 

Pilot tank fermentations were comparable to those 
in shaker flasks, and media which had proved superior 
in the laboratory were also found to give better yields 
in the fermentors. The carbon source which permitted 


TABLE 1 
Gibberellic acid yields in shaker flasks 





Carbon Source 
| Avg Gibberellic Acid 
Yield 





— | 
Glucose | 








| Glycerol Lactose 
_ g/L rf g/l 
30 | @ | Oo | 0 590 
0 | 2 | 0 | 0 220 
0 | 30 | 0 | 0 | 360 
0 | 60 0 O:- 695 
0 20 50 | 0 540 
0 | 20 | 0 | 50 330 
o | a | @- | 2 805 


o | 2 | 10 | 2 880 


TABLE 2 


Gibberellic acid yields in shaker flasks and tanks 








Carbon Source 
erate nee| fing Bleek Wied} = A9g Tank 
Starch | Glycerol | Glucose | Lactose | 
| | 
i— 

g/L mg/L mg/L 
30 | O | O | Oo 400 =| ~—-380 
m |} om | 0 0 590 515 
30 | 300 | 0 | 0 780 | 650 
o |; ®@ |; 380 | 2 | 805 570 














j " \ N 
O 4 48 72 96 120 144 168 192 


Time, Hours 


Figure 1. Chemical changes in the control medium. The con- 
trol medium contained 25 g corn steep liquor, 1 g ammonium 
sulfate, 0.5 g potassium dihydrogen phosphate, and 20 g glucose 
per L. 
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Figure 2. Chemical changes in the control medium with the 
addition of glucose at a rate of 0.02 per cent per hr commencing 
at 24 hr. 
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Figure 3. Chemical changes in the control medium with 3 
per cent glucose added after 24 hr. 
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the highest yield of gibberellic acid under our conditions 
of tank fermentation was glycerol, 30 g per L, and 
starch, 30 g per L. Table 2 presents comparative data 
gbtained with various media in shaker flasks and in 
§30- or 1000-gallon fermentors. 

To establish the beneficial effect of a slowly utilized 
or constantly available carbon source, glucose-feed 
experiments were carried out in 50-gallon fermentors. 
A basie corn steep liquor-ammonium sulfate-monopo- 
tassium phosphate medium with 2 per cent glucose 
was used in one tank; in the second tank, glucose was 
fed to this base medium at the rate of 0.02 per cent per 
hr commencing at 24 hr; and in the third tank, 3 per 
cent glucose was added to the basic medium at 24 hr 
(this amount is equivalent to that fed during the slow- 
feed run). The chemical changes during these tank 
fermentations are presented in figures 1, 2, and 3. It 
ean be seen from these figures that the slow-feed ex- 
perimental fermentation produced more gibberellic 
acid (620 mg per L) than did either of the other two 
(130 and 320 mg per L). 

The pH patterns encountered in these three tank 
fermentations differed sharply. With glucose added 
initially, the pH rose from 4.5 to values above 5.5 in 
32 hr when sugar could no longer be detected in the 
fermentation broth; a pH of 8.0 was reached in 132 
hr. With the slow feed, the pH rise was comparable 
for the first 32 hr but subsequently there was a gradual 
pH drop to 4.5. When the extra glucose was added at 
24 hr, the pH did not rise early in the eycle but re- 
mained at 4.5 with a gradual drop to 3.8 at 100 hr; this 
in turn was followed by a gradual rise to 5.0 at 168 hr. 
Sugar was not detected after 70 hr in this fermentation. 
With the glycerol medium, the pH started around 4.8 
and gradually dropped to 4.0 at the end of the fermen- 
tation, thus giving a pH pattern resembling, in general, 
that obtained with the slow feeding of a rapidly utilized 
carbon source. 


DISCUSSION 


The main objectives of the present study have been 
attained, namely, the development of an improved 
medium composed of readily available materials and 
the establishment of fermentation conditions which 
would give consistently high yields of gibberellic acid. 

The results of these studies offer further evidence 
for the importance of preferential carbon sources, as 
well as of other required nutrients, in the production 
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of gibberellic acid. Laboratory investigations were 
readily scaled up to tank fermentations. 
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SUMMARY 


Details of the fermentation of gibberellic acid with 
Fusarium moniliforme have been presented and yields 
of 650 mg per L have been obtained in 1000-gallon 
fermentors. Experimental results indicate that a slowly 
utilizable carbon source is desirable for the production 
of high yields of gibberellic acid. 
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Evidence for the microbial degradation of plant sap- 
onins is limited to few investigations. Rothrock et al. 
(1955) have reported that the saponins from Dioscorea 
tubers can be cleaved into their component parts, dios- 
genin and the sugar moiety, by Aspergillus terreus. 
Among the bacteria, yeast, and molds examined, only 
strains of Penicillium, Aspergillus, and Fusarium were 
capable of hydrolyzing the Dioscorea saponin. Rubin 
et al. (1953) have isolated unidentified bacteria which 
grew in a medium with Dioscorea composita saponin as 
the sole source of carbon. Procedures for the isolation 
of legume saponins have been developed by Thompson 
et al. (1957) and these investigators have shown alfalfa 
saponins are plant glycosides with a triterpenoid sapo- 
genin nucleus and a carbohydrate component. 

Bloat symptoms have been produced in sheep by the 
oral and intravenous administration of water soluble 
alfalfa saponins (Lindahl et al., 1957). Thus the possible 
relationship of bacterial degradation of legume saponins 
to bloat assumes particular interest. The proposal has 
been advanced that, in bloat, ruminal microorganisms 
might be responsible for an excess production of poly- 
saccharide slime when cattle are on lush pastures such 
as clover and alfalfa (Hungate et al., 1955), and when 
animals are maintained on feed-lot rations containing a 
high percentage of carbohydrate (Jacobson and Lin- 
dahl, 1955). The slime contributes to a stable froth 
formation in which the rumen fermentation gases are 
retained as numerous small gas bubbles in the ingesta. 
Changes in the ruminal microbial populations have 
been shown to occur with the onset of feed-lot bloat 
symptoms (Gutierrez et al., 1959). This investigation 
has been directed at the isolation and the characteris- 
tics of rumen bacteria capable of degrading alfalfa sap- 
onins. A preliminary part of our findings has been pub- 
lished (Gutierrez et al., 1958). 


EXPERIMENTAL METHODS 


Ruminal fluids from six steers on a diet of freshly cut 
alfalfa (Medicago sativa) was used as inocula in the 
initial experiments. Samples of the rumen contents 
were removed by stomach tube and serially diluted 
into rumen fluid agar medium enriched with 0.5 per 
cent composite alfalfa saponins. A control series of 
tubes in which the saponin was omitted was also inocu- 
lated in parallel. Organisms able to decompose the 


substrate were detected by the larger numbers and 
colony size when compared to the nonsaponin control. 
The basal medium for the original isolation of the bae- 
teria had the following percentage composition in tap 
water: NH,Cl, 0.05; NaCl, 0.1; MgSOx,, 0.005; CaCl, 
0.005; resazurin, 0.0001; strained rumen fluid, 20.0; 
and agar, 1.5. Cysteine hydrochloride, 0.04 per cent; 
NaHCO;, 0.5 per cent; and alfalfa saponins, 0.5 per 
cent were autoclaved separately and added to the 
melted agar tubes at the time of inoculation. The auto- 
claved saponin solution showed no reducing materials 
when tested with Benedict’s solution. Carbon dioxide 
was used to provide anaerobiosis. For the analysis of 
fatty acids and gases, the isolated strains were grown 
in liquid basal medium plus 0.5 per cent peptone and 
0.25 per cent yeast extract (Difco)! and the rumen fluid 
omitted. Detection of acid production with brom-thy- 
mol-blue and visual observation of turbidity were the 
criteria employed for utilization of various carbohy- 
drates in the latter medium. The shake culture and 
anaerobic techniques used were described by Hungate 
(1950). 

Total volatile fatty acids were determined by steam 
distillation of the culture fluid and the distillate ti- 
trated with 0.02 n NaOH using nitrogen as the gas 
phase. The acids were separated on a chromatographic 
cellulose column and identified from their Duclaux 
constant (Carroll and Hungate, 1954). For the analysis 
of lactic and succinic acids the culture fluid residue 
remaining after steam distillation was extracted with 
ether for 24 hr, titrated with 0.02 Nn Ba(OH), and the 
lactic acid quantitatively determined by the method of 
Friedmann et al. (1927). Succinie acid was precipitated 
from the ether extract with 5 volumes of ethanol and 
determined from the dry weight of the barium suc- 
cinate. Formie acid was oxidized to CO. with HgCh 
and determined from the weight of the insoluble calo- 
mel. Ethanol was separated by alkaline distillation of 
the culture fluid, oxidized to acetic acid with K.CrQu,, 
and the amount estimated by Duclaux distillation. 
Fermentation gases were identified with a semimicro- 
modification of the Newcomber-Haldane gas analysis 
apparatus and the carbon dioxide dissolved in the 
medium was determined in an absorption train with 
0.8 nN NaOH. 


1 Difeo Laboratories, Inec., Detroit, Michigan. 
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RESULTS AND DISCUSSION TABLE 1 


Colony counts of presumptive saponin-digesting bacteria 
in animals on a green alfalfa diet 


Isolation of butyric acid-producing rods. Many colonies 
developed in the rumen fluid agar tubes containing 
the alfalfa saponins as an energy source 24 hr after the 
inoculation with rumen contents, whereas the non- 
aponin control series of tubes showed very little 61 | 680 
srowth. Microscopic examination of a large number 79 | 20 





Steer No. Millions per ml of Rumen Fluid 





of the colonies from the saponin series showed that 479 | 180 
. ‘ ae = 

gnall, gram negative, curved rods were the predomi- pr 7 

nant organisms. Colonies were picked from the higher 491 4 


dilutions and inoculated into a second series of tubes 
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Figure 1. Gentian violet stain of strain 61-2 grown in yeast extract peptone plus saponin. Butyric acid-producing rods. Original 
magnification 1455 X. 
Figure 2. Gram stain of strain 55N grown in yeast extract peptone plus saponin. Succinie acid-producing rods. 1455 X. 
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to obtain pure cultures. Sixteen strains of curved rods 
sapable of attacking alfalfa saponins were isolated in 
this manner from the rumen contents of the six steers 
and three strains were selected for further study. A 
wide variation was encountered in the counts of bacteria 
able to grow at the expense of the saponin. Estimates 
made from the colonies appearing in the serial dilutions 
from the different animals on the fresh alfalfa diet gave 
a range of 680 to 4 million per ml (table 1). Saponin 
digesters were also isolated from a steer on an alfalfa 
hay diet with a count of 100,000 per ml. 

Surface colonies on rumen fluid agar were grayish- 
white, smooth, entire, and up to 4 mm in diameter. 
Deep colonies were lens-shaped, and upon initial isola- 
tion the colonies had a mucoid appearance that was 
lost on subculture. In liquid medium supplemented 
with saponin, growth was flocculent with some of the 
sediment adhering to the bottom of the tube. The cells 
were gram negative, motile, curved rods, 0.8 u X 2.0 
to 4.0 u long (figure 1). Some of the strains were smaller. 
Spores were not observed. The cells were usually in 
singles or pairs, and when grown on the yeast-peptone 
medium were larger than on the rumen fluid medium 
supplemented with the saponin. Smears of colonies 
showed the rods were rather evenly separated, sug- 
gesting that adhesive capsular material might be pres- 
ent. Large capsules such as those seen in some strains 
of rumen cocci were not present. The organism was 
nitrate negative, gelatin was not liquified, and indole 
was not produced. Hydrogen sulfide was produced, and 
the Voges-Proskauer reaction was negative. The follow- 
ing carbohydrates were fermented: lactose, maltose, 
galactose, b-xylose, cellobiose, sucrose, glucose, fruc- 
tose, salicin, and arabinose. Starch was hydrolyzed. 
Growth did not occur with raffinose, esculin, or tre- 
halose. 

The culture medium used initially for the analysis 
of the metabolic end products from alfalfa saponins 
included 20 per cent rumen fluid and did not permit 
accurate analysis of the acids produced by the bacteria. 
Subsequent tests showed the organisms could grow 
well in yeast-extract peptone medium, and the identifi- 
cation of acids and gas was carried out in this medium 


TABLE 2 


Fermentation products of alfalfa saponins and glucose by strain 





61-2* 
ne ee er ae 
Carbon dioxide..............| 1.90 2.20 
Butyrie acid.................] 0.15 0.16 
anes fe 0.23 0.13 
OD ene era 0.14 0.33 
Formic acid. ................| 0.52 0.63 


*In mmoles; the values for alfalfa saponins are taken 
from Gutierrez et al., 1958. 
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with improved results. The fermentation vessels were 
100-ml round bottom flasks equipped with inlet and 
outlet tubes to facilitate gas measurement. Fifty i of 
autoclaved yeast-extract peptone broth was inoculated 
with 2 ml of a 24-hr liquid culture of a presumptive 
saponin-digesting strain. Carbon dioxide gas and 0.5 
per cent sodium bicarbonate was the buffer system and 
0.04 per cent cysteine hydrochloride was added as a 
reducing agent. Control flasks were inoculated and 
incubated, but received no saponin. Carbon dioxide, 
formic, acetic, butyric, and lactic acids were identified 
as fermentation products of alfalfa saponins from 
strain 61-2 (table 2). Traces of ethanol and propionic 
acid were also present. Large quantities of viscous 
slime were produced in the saponin flasks, whereas 
very little growth was evident in the control medium. 
The slime material was harvested by centrifugation, 
dried at 100 C, and weighed. Fermentation flasks were 
prepared to compare the fermentation products and 
slime production of saponin with that of glucose. The 
fermentation products from the latter substrate were 
the same; but, whereas approximately 50 per cent of 
saponin appeared as cellular and slime matter, only 
10 per cent of the glucose was converted to slime by 
strain 61-2 (table 3). Acid hydrolysis of the slime pro- 
duced significant amounts of copper-reducing com- 
pounds indicating its polysaccharide or other glycosidic 
nature. A carbon fermentation balance calculated for 
glucose showed approximately 61 per cent of the carbon 
was recovered in the products. The composite nature of 
the alfalfa saponins of unknown molecular weight 
prevented comparison of carbon balances with glucose. 

The mechanism of breakdown of the alfalfa saponins 
by the bacterial strains remains to be determined, but 
one possibility is that the sugar component of the sapo- 
nin is split off and utilized by the bacteria leaving the 
intact sapogenin in the medium. The sapogenin may 
contribute to the increased slime that was observed in 
the saponin bacterial cultures as compared to glucose 
cultures (table 3). The morphology, cultural traits, 
and fermentation products of this first group of saponin 
digesters resemble the atypical strains of Butyrivibrio 


fibrisolvens described by Bryant and Small (1956) and 


TABLE 3 


Cellular and slime harvests of strains 61-2 and 55N 


l - | 
| Cells and Slime* 


Substrate Medium , — _—____— 
| 61-2 | 55N 
| meg | mg 
200 mg saponin. .| Yeast-extract peptone 85 65 
200 mg saponin..| 20% rumen fluid broth 119 «6©|)~| «#6105 
1.0 g saponin....| 20% rumen fluid broth 452 | 302 

| Yeast-extract peptone 22 79 


230 mg glucose 


* Dry weight. 
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the strains probably should be placed in this species of 
rumen bacteria. 

Isolation of succinic-acid producing rods. A second 
type of saponin-digesting organism was isolated from 
the rumen contents of five heifers which were fed a 
timothy hay ration. The numbers of colonies developing 
in the dilution series of agar shake tubes enriched with 
alfalfa saponins after inoculation ranged from 40,000 
to 1,000,000 per ml; a parallel series of inoculated 
tubes without sapenin showed fewer and smaller colo- 
nies. 'welve rod strains were isolated from the different 
animals and two representative strains were studied in 
sufficient detail for taxonomic evaluation. 

In rumen fluid agar shake tubes supplemented with 
0.5 per cent saponin, deep colonies were 0.5 to 2.0 mm, 
lenticular, with a grayish-white color; surface colonies 
were slightly larger, smooth, entire, and convex with a 
soft consistency. In yeast-extract peptone broth supple- 
mented with saponin the cells were gram negative, 
nonmotile rods with rounded ends, 0.8 to 1.0 X 1.5 to 
20 » long (figure 2). When the broth was enriched 
with 0.5 per cent glucose, the cells were 2.0 to 4.0 u 
long. Swollen cells and cells which stained unevenly 
were common. Spores were not observed. Examination 
of living cells with the phase microscope frequently 
revealed the rods evenly dispersed without movement, 
as would be expected with cultures capable of slime 
formation. The organism produced small amounts of 
HS, reduced nitrate to nitrite and was indole negative; 
the Voges-Proskauer reaction was negative and gelatin 
was not liquified. Growth oecurred at 30, 37, and 45 C, 
but not at 20 and 50 C. Glucose, p-xylose, p-sorbitol, 
galactose, fructose, raffinose, salicin, sucrose, arabinose, 
trehalose, maltose, lactose, mannose, dextrin, inulin, 
and cellobiose were fermented. Starch was hydrolyzed. 
Esculin and glycerol were not attacked. Three other 
strains fermented identical carbohydrates. Growth in 
yeast extract-peptone broth supplemented with suitable 
carbohydrate showed an even turbidity with a ropy 
sediment. The strains grew well in rumen fluid starch 
feed-extract medium (Gutierrez, 1958) and, after initial 
isolation with the saponin enriched rumen fluid agar 
medium, the cultures were routinely transferred in the 
former medium. Growth of the rods in flasks provided 

TABLE 4 


Fermentation products of alfalfa saponins and glucose 
by strain 55N* 


, : Alfalfa Saponins Glucose 

Product (1 g) (1 g) 

Formic acid. ...... 28s 0.56 0.86 
Acetie acid... .. 0.39 | 0.92 
Succinie acid.... 0.50 | 2.14 
Lactie acid... 0.45 2.45 


* Amounts are given in mmoles; 0.5 per cent substrate in 
200 ml liquid medium. 








SAPONIN-UTILIZING RUMEN BACTERIA 307 


with 0.5 per cent alfalfa saponins exhibited a slimy 
viscid property. In one experiment where the concen- 
tration of alfalfa saponin was increased to 1 per cent, 
the yeast extract-peptone broth was converted to a 
gelatinous slime after inoculation with a saponin- 
digesting strain. 

The fermentation products from the breakdown of 
alfalfa saponins were analyzed in the same manner as 
for the study of the butyric acid rods. Inoculated flasks 
with no substrate served as controls. In flasks contain- 
ing 200 ml yeast extract-peptone broth supplemented 
with 0.5 per cent alfalfa saponin, the following products 
were formed (in mmoles): formic acid, 0.56; acetic acid, 
0.39; succinie acid, 0.50; and lactic acid, 0.45. No gas 
was produced in fermentation flasks provided with an 
initial gaseous phase composed of 5 per cent CO.-95 per 
cent N». The analysis of the products of a second strain 
showed the same acids were formed. 

By their morphology and end products, the succinic 
acid rods capable of degrading alfalfa saponins are 
related to Bacteroides amylophilus (Hamlin and Hun- 
gate, 1956), but their capacity of attacking a wide 
variety of carbohydrates prevents placing the strains 
in this species; B. amylophilus could utilize only maltose 
and starch. Our isolates have a closer relationship to 
the recently described Bacteroides ruminicola (Bryant 
et al., 1958). Lactic acid was not reported as one of the 
end products of B. ruminicola, but this may be due to 
differences in the growth media employed in the two 
studies. The strains of saponin-digesting rods do not 
differ sufficiently from B. ruminicola to warrant sepa- 
rate species designation. 

The genera Butyrivibrio and Bacteroides have been 
shown to be among the predominant groups of rumen 
bacteria (Bryant et al., 1956; Bryant et al., 1958), and 
the current findings indicate that strains of these two 
genera can attack legume saponins with a significant 
production of slime. In the case of the Butyrivibrio 
strains, the slime production is accompanied by gas 
evolution and illustrates how the biochemical activity 
of the rumen bacteria upon ingested plant compounds 
may alter the normal rumen fermentation. The in- 
creased slime gives rise to a stable frothy foam which 
traps the fermentation gases and interferes with the 
ruminant’s gas eructation mechanism (Dougherty et al., 

1958). Hungate et al., (1955) have observed an inter- 
esting correlation between foam production and the 
intensity of bloat symptoms of cattle on clover pasture. 
In cases of feed-lot bloat when animals were fed a high 
carbohydrate diet, slime producing Streptococcus bovis 
and Peptostreptococcus elsdenti increased in numbers in 
the rumen upon the onset of the bloat symptoms 
(Gutierrez et al., 1959). The organisms responsible for 
slime production in the rumen belong to several genera, 
and the type of diet being fed plus the initial micro- 
flora present in the host undoubtedly influence, in 


a 
a 

. 
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part, the groups of organisms which play a significant 
role. Further investigations are necessary before a 
complete evaluation can be made of the importance 
of slime production in the rumen as a contributing 
factor in the pathogenesis of bloat. 
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SUMMARY 


Gram negative, motile, curved rods able to attack 
soluble alfalfa saponins were isolated in large numbers 
from steers fed a freshly cut alfalfa diet. The rods pro- 
duced COs, formic, acetic, butyric, and lactic acids 
plus traces of ethanol and propionic acid from saponin. 
The isolated strains are similar to atypical strains of 
Butyrivibrio fibrisolvens. 

A second group of gram negative rods able to degrade 
alfalfa saponins was isolated from animals on a timothy 
hay ration, and the strains were studied for classifica- 
tion purposes. Analysis of the fermentation products 
from the breakdown of saponin showed formic, acetic, 
lactic, and succinic acids were formed. The strains were 
related to Bacteroides ruminicola. 

Significant amounts of slime were produced from 
the degradation of saponin by strains of both genera. 
The production of slime from these plant compounds 
by the bacteria described in this paper is suggested as 
a significant factor in the bloat syndrome in animals on 
legume pastures. 
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Lactobacillus fermenti strain 36 is the most frequently 
used microorganism for the assay of thiamine both in 
the tube method, (Sarett and Cheldelin, 1944; Fitz- 
gerald and Hughes, 1949), and in the plate method, 
(Bacharach and Cuthbertson, 1948; Jones and Morris, 
1949). Other microorganisms have more recently been 
suggested for the tube assay; Hoff-Jorgensen and 
Hansen (1955) used the yeast Kloeckera brevis, and 
Deibel et al. (1958) used Lactobacillus viridescens. 

Difficulties are often encountered in the tube methods 
(Analytical Methods Committee, 1954) but the im- 
proved medium of MaciasR (1957) overcomes some of 
these. However, when the level of thiamine in samples 
is reasonably high, such as in multivitamin prepara- 
tions, the L. fermenti plate method may be used; this 
is far less susceptible to variations than the tube assay 
with the same microorganism. Plate assays also have 
the advantages of simplicity and high throughput and, 
when in use as a routine, the large 12 in. x 12 in. plates, 
as used by Lees and Tootill (1955) and Simpson and 
Lees (1956), give assay values with a standard error of 
+10 per cent. The present paper describes a plate 
assay with Kloeckera brevis adapted from the tube 
method of Hoff-Jorgensen and Hansen. This plate 
assay has been in use in these laboratories for the past 
year in parallel with the L. fermenti plate assay. 

MATERIALS AND METHODS 
Culture and Inoculum 

Kloeckera brevis strain B 768! is kept as a slope on 
malt agar, stored at room temperature, and subcul- 
tured fortnightly. For the inoculum, the growth from 
slopes, which have been incubated at 30 C for 18 hr, 
is washed off with sterile saline, 0.9 per cent, centri- 
fuged, washed once with saline and finally resuspended 
in saline to give an optical density reading of 0.51 at 
650 mu in the 1-cm rectangular cell of the Unicam 
spectrophotometer,? or by plate count, 125 million 
yeasts per ml. 

Cultures not older than 10 days were used for inocu- 
lum; older cultures stored from 10 days up to 3 weeks 


' National Collection of Yeast Cultures, Brewing Industry 
Research Foundation, Nutfield, Surrey, England. 

*Unicam Instruments Ltd., Arbury Works, Cambridge, 
England. 


gave slightly diffuse zones, and cultures older than this 
gave very diffuse zones. 

The composition of the basal medium is shown in 
table 1. The medium is steamed to dissolve the agar, 
distributed into flasks in the required amounts (usually 
160 to 220 ml), and then steamed for an additional 20 
min. It may be stored at room temperature for up to 
3 months. 

Hoff-Jorgensen and Hansen found that the inclusion 
of sulfite treated yeast extract in their medium en- 
hanced the growth of K. brevis in the tube assay. Several 
batches of plate assay medium were made including 
this yeast extract, but no differences in assay values on 
the two media were found, and no “drift”? occurred in 
the assay of natural products such as yeast. In all cases, 
the medium without the yeast extract gave zones with 
much sharper edges, and it was therefore omitted from 
the basal medium. 


Assay Procedure 

The (2 + 2) assay is carried out on large 12 in. x 12 
in. plates with 8 x 8 quasi Latin-square design, or 6 x 6 
Latin-square design as described by Lees and Tootill 
(1955) and Simpson and Lees (1956), or on Petri dishes. 
The required amount of medium is melted in a steamer, 
and then maintained at a temperature of 48 to 52 C 
for between one-half and one and one-half hr; if held 


TABLE 1 


Composition of the basal medium 





| 


Vitamin free acid hydrolyzed casein*. . . | 5.0 ¢g 
RRINO@ORG. 5.2 esas -| 40.0 g 
"Evineciiy CHLFAtE:.. «<6 See os oes cao os] 7.5¢ 
ARAN hia stoi grec Se 5 e: Cal ROT 0.4g 
MRNA URS esis Ga, rt te ore th ee 0.02 g 
Choline chloride. ........... 0.004 g 
PRUNING. os)~ 5 b-siets, ks 10 pg 
WAGOUIAENIIG So cock ned cn pees coe e| 1000 ug 
ya US tiitcal a |S 2h hs ree aera 1000 ug 
Calcium pantothenate............. 1000 ug 
Pe Me Kt cncterns Aad ihe hwo oho aas 100 ml 
Volume to (with glass distilled water). . | 1000 ml 
pH 5.0 
POMRPON Ke 2 is ce Mey sied a rere ne topes aia 20.0 g 





* Oxoid, Oxo Ltd., London, England. 
+ Hoff-Jorgensen and Hansen (1955). 
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at this temperature for longer periods, the growth 
zones tend to become diffuse. For plates requiring 160 
ml of medium, 8 ml of the inoculum suspension per 
plate gave the best results. A heavier inoculum gave 
rise to small zones and a lighter inoculum to larger, 
diffuse zones. The suspension is well mixed with the 
melted medium and poured on a flat even surface, 
where the plates are allowed to set. Ten-mm holes are 
cut to an 8 x 8 or 6 x 6 design, and the agar discs are 
removed. 

The dose response curve for thiamine HCl was linear 
over the range 0.5 to 16 wg per ml and the diameters 
of the growth zones usually measured from 18 to 27 mm 
over this range. Levels of 1 and 4 wg per ml were used 
for the standard, and samples were diluted accordingly. 
Fach 8 x 8 plate accommodates two standards and six 
samples, and the 6 x 6 plate accommodates one stand- 
ard and two samples. Samples and standard are added 
to the holes according to pattern by means of stand- 
ardized dropping pipettes, within one-half to two hr 
after the agar has set, and the plates are incubated for 
16 to 20 hr at 30 C. The diameters of the growth zones 
are measured and results worked out in the usual man- 
ner. Preincubation of the plates before adding the 
standard and samples, or refrigeration after, gave rise 
to very diffuse zones of growth. 


RESULTS 


As Hoff-Jorgensen and Hansen found for the tube 
assay, the pyrimidine and thiazole moieties of thia- 
mine are not utilized by the test organism either singly 
or together, at least up to concentrations 20 times the 
maximum concentration of thiamine in the standard, 
nor do they have an inhibitory effect. However, in the 
presence of thiamine, pyrimidine plus thiazole gave 
rise to zones larger than those obtained from thiamine 
alone, but only when both were present in at least 10 
times the concentration of the thiamine. 

Thiamine appeared to be the only limiting factor 


TABLE 2 
Comparison of thiamine assays by the Kloeckera brevis and the 
Lactobacillus fermenti plate methods 





Thiamine Content 


Sample a ee 

K. brevis L. fermenti 
_ =? | : mg per g mg per g 
Fortified yeast tablets.............| 0.560 | 0.570 
Vitamin tablets....................]| 0.680 | 0.680 
Vitamin tablets containing iron....| 0.730 0.750 

mg per ml mg per ml 
Liquid multivitamin preparation.. 99 | 96 
oe ea 0.159 0.163 
Vitamin syrup containing liver ex- 


pes ae ea ee 0.156 0.159 





[vi L. 7 


for the growth of K. brevis in the plate assay since «ssay 
results obtained from samples diluted in water or jy 
the treated yeast extract agreed well within the limits 
of error of the test. 

Recoveries of thiamine added to solutions of fort ified 
yeast tablets, vitamin tablets, or vitamin preparations 
were 93 to 115 per cent when the proportion of thia- 
mine present in the samples to thiamine added was 
1:1, 1:2, 1:10 or 1:50 (wt: wt). 

No stimulation of K. brevis was found on the addi- 
tion of lactose up to eight times the thiamine concen- 
tration in solution. Neither ascorbic acid up to 1000 
times, nor ferrous sulphate up to 100 times the thia- 
mine concentration appeared to affect the assay. 

Many natural products such as flour or meat have 
too low a thiamine content for assay by plate methods 
which require a much higher vitamin level than tube 
methods. The assay method described has been used 
mainly for the estimation of thiamine in liquid multi- 
vitamin preparations for injection or oral use, and for 
tablets containing vitamins of the B group with or 
without the addition of yeast, yeast extract, ascorbic 
acid, and iron salts. 

Table 2 gives a comparison of the assay values for 
some of these preparations by two plate methods; 
results are the mean of assays made on two different 
days. The limits of error (P = 0.05) for large plates 
using an 8 x 8 design were 91.8 to 108.9. 
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SUMMARY 


A plate method for the assay of thiamine using the 
yeast Kloeckera brevis is described. The pyrimidine and 
thiazole moieties of thiamine are not utilized, either 
singly or together, and assay results are not affected by 
lactose or ascorbic acid in relatively large amounts. 
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An improved medium for the tube assay of thiamine 
using Lactobacillus fermenti strain 36 has been reported 
by MaciasR (1957). Starting with the original medium 
of Sarett and Cheldelin (1944) he investigated each 
ingredient and described a medium which he stated 
nearly doubled the growth response of L. fermenti 
within the assay range, and afforded greater repro- 
ducibility of assay results and better recoveries of 
added thiamine. 

Many of the problems encountered with the tube 
assay are not met in the plate assay with the same 
microorganism. For the past 10 years, therefore, it has 
been our practice to use plate assays in preference to 
tube assays for thiamine using a modified Sarett and 
Cheldelin (1944) and Jones and Morris (1949) basal 
medium. 

This paper reports the results obtained in plate 
assays with L. fermenti 36 on our routine medium com- 
pared with MaciasR’s medium, together with results 
obtained by varying some of the ingredients of the 


- basal medium. 


EXPERIMENTAL METHODS 
The tube assay medium (MaciasR, 1957) was modi- 
fied for plate assays by using the medium single strength 
and solidifying with 2 per cent agar and with acid 


| hydrolyzed casein, (Oxoid)' substituted for Casamino 


Acids (Difeo).? After preliminary experiments in which 
no improvement was found with the addition of xylose, 
this was then omitted from the medium. In general, 


| cystine was used in place of cysteine as this gave satis- 


factory results; steaming the medium for 20 min after 


! Oxo Limited, London, England. 
’Difeo Laboratories, Inc., Detroit, Michigan. 


distribution into flasks was found preferable to auto- 
claving. 

The composition of the basal media used are given 
in table 1. 

L. fermenti 36° was kept in a stab medium consisting 
of 1 per cent yeast extract (Difco), 1 per cent glucose 
and 2 per cent agar; after autoclaving at 15 lb pressure 
for 15 min, 10 ug sterile thiamine was added per tube. 
Subcultures were made every 2 weeks and, after incu- 
bation at 37 C for 18 hr, the stabs were stored in the 
refrigerator until required for use. 

In this series of experiments, the inoculum was at 
first prepared in Difco micro inoculum broth and grown 
at 37 C overnight. After a few weeks, however, little 
and then no growth occurred in this inoculum broth. 
Whereas Malgras, Meyer, and Pax (1957) had found 
that mutants which would grow in the absence of 
pantothenic acid were produced when using the Difco 
micro inoculum medium, our experience with this 
medium was that there was often little or no growth 
in the broth. No further investigations were made in 
the case of thiamine, and the inoculum was thereafter 
grown on the riboflavin basal medium (Jones and 
Morris, 1950) with added riboflavin. This procedure 
had already proved satisfactory over a long period for 
routine plate assays of thiamine in these laboratories. 

The overnight culture was centrifuged, washed 
twice in sterile 0.9 per cent saline solution and finally 
resuspended in sterile saline to give an optical density 
reading of 0.28 at 650 muy in the 1-cm rectangular cell 
of the Unicam spectrophotometer,* or by plate count, 


3 American Type Culture Collection No. 9338. 
4Unicam Instruments Ltd., Arbury Works, Cambridge, 
Ongland. 
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50 million bacteria per ml. One ml of the inoculum 
suspension was added per 20 ml of melted basal me- 
dium at a temperature of 48 to 50 C and, after thorough 
mixing, the plates were poured and allowed to set. 
Although Petri dishes were sometimes used, most of 
the experiments were conducted on large 12 in. x 12 in. 
plates, on which an 8 x 8 or a 6 x 6 design was used. 

Details of the method of assay are similar to those 
given for the plate assay of thiamine using Kloeckera 
brevis (paper I of this series, Jones and Finch, 1959), 
but in the case of L. fermenti it was necessary to give 
a preincubation of the poured plates with the lids 
slightly raised. 

The dose response curve (figure 1) for thiamine HCl 
was linear from 0.125 to 8.0 ug per ml. 


RESULTS 
Criteria used for assessing the results of these ex- 
periments included both the quantitative results of the 
assays performed and the qualitative results, that is, 


TABLE 1 


Composition of the basal media 


Medium A 


Sarett and | “edium B 


Cheldelin | MaciasR 
(1944) (1957) 
Modified 


Modified 





Glucose 20.0 ¢ 10.0 ¢g 


Sodium acetate (hydrated). 5.0¢g 

Trisodium citrate......... Scene 5.0 ¢g 
Sodium chloride........ Mga. 5.0 ¢ 
Dipotassium hydrogen phosphate. . 2.5¢ 
Calcium chloride. .. . eee sek 0.5¢g 
Ammonium chloride. ........... 1.0¢ 
Acid hydrolyzed casein* . 2.0 ¢g 5.0 ¢ 
Adenine..... 0.01 g 0.01 g 
GuAMING...,....-- 0.01 g 0.01 g 
Uracil.. 0.01 g 0.01 g 
L-Cystine ..... 0.1 ¢g 0.5¢ 
pL-Tryptophan . 0.2¢ 


Peptone (photolyzed and alkali 


ED Reo Se vic brs A 4 Soe d was 200 ml 
Inorganic salts solution Af..... : 5 ml 
Inorganic salts solution BT............. 5 ml 
Inorganic salts solution Cf.. 10 ml 
MADOMBYIN......<...5.5- 100 ug 500 wg 
Pyridoxine-HCl...... 100 ug 2000 ug 
Ca pantothenate... 100 ug 500 pg 
Nicotinamide.......... 100 pg 500 ug 
p-Aminobenzoie acid... 100 ug 1000 wg 
NNR 5 eins G4 0.4 ug 10 pg 
Police arid. ......:....- 1.0ng | 100 ug 
NR ee erased bc ops 0.1 g 
Volume to (with glass distilled water)..| 1000 ml | 1000 ml 

pH6S | pHs.s 

eee 15.0 ¢g 





20.0 g 


* Oxoid, Oxo Ltd., London, England. 

7 Snell and Strong (1939). 

t Henderson and Snell (1948). 

§ Atlas Powder Co., Wilmington, Delaware. 
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the size and density of the zones and the clarity of the 
edges of the zones produced on the plate. Satisfaci ory 
qualitative results were obtained before any quant ita- 
tive estimations were carried out. 


A. Method of Assay 


Opacity of the inoculum suspension. The opacity of 
the inoculum used has a great effect on the assay and 
must be controlled. The results of experiments on this 
factor are summarized in table 2. 

For routine work, a suspension with an optical den- 
sity reading of 0.28 or 0.38 was found satisfactory; 
with high opacities, increasing background growth 
obscured the zone edges, and with low opacities the 
edges lost their very sharp outlines. 
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Figure 1. Growth response curve of Lactobacillus fermenti 
36 to thiamine on medium A. 


TABLE 2 
The influence of the opacity of the inoculum suspension on the 
growth zones 








Optical Density 

650 mz in1cm| Background 
Rectangular | Growth | 
Cell Unicam 


| 
Clarity of Zone 


Opacity 
(Brown’s 
Tube No.) 


Sharpness of 
Zone Edge 


| 
| 
| 
| 
| 


8 0.76 Heavy | Very faint | Sharp 

7 0.68 | Heavy | Very faint | Sharp 

6 0.58 | Moderate | Clear | Sharp 

5 0.48 Moderate | Clear | Sharp 

4 0.38 | Slight | Clear | Very sharp 
3 0.28 | None Very clear | Very sharp 
2 0.18 | None | Very clear | Very sharp 
1 0.08 | None | Clear but | Slightly 

| 


| too large | fuzzy 
| 
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Preineubation of the inoculum for 1 to 1% hr at 
97 C after washing and spinning but before adding to 
the basal medium did not lead to improved clarity of 
the zones. 

Preincubation of the plates. It had been reported 
(Jones and Morris, 1949) that preincubation of the 
plates was necessary with the thiamine assay and this 
has been found to be the case with the media used in 
the present experiments. With both large and small 
plates good results were not obtained without preincu- 
bation; zone edges were too indistinct. Preincubation of 
the poured plates at 37 C for one-half hr did not im- 
prove them, but one or one and one-half hr at 37 C 
gave good results, with the zones having clear, sharp 
edges. 


B. Media 


Effect of incorporating various sugars into the basal 
medium. The following sugars were incorporated into 
the basal medium B (in g per L): glucose, 10; glucose, 
5 plus maltose, 5; glucose, 5 plus xylose, 5; fructose, 
5 plus maltose, 5. All gave good zones, but the improve- 
ment in growth on the addition of xylose noted by 
MaciasR with the tube assay was not apparent with 
the plate assay. The combination of fructose and malt- 
ose in several instances gave the best results but this 
was more noticeable on small plates than on large 
ones. 

The same combinations of sugars in double the above 
concentrations were incorporated into medium A and 
here again no great difference was noted. Fructose and 
maltose seemed to have a more marked improvement 
and it is interesting to compare this result with those 
of Snell and Lewis (1953) who found these sugars led 
to improved growth on a similar medium with the 
tube assay. 

At the same time that the sugars were varied, the 
effect of autoclaving the distributed basal medium at 
10 Ib for 10 min and steaming it for 20 min was com- 
pared. On the whole, steaming was preferable to auto- 
claving for, in the latter case, the zones obtained on 
these media were occasionally less clear. 

Effect of incorporating hydrolyzed starch into the basal 
medium. Fang and Butts (1951) reported that digested 
starch enhanced early growth of L. fermenti without 
exerting a thiamine sparing action, and its effect on 
the plate assay was, therefore, investigated. Ten g of 
soluble starch were digested with 2.5 g of Taka-diastase® 
in 150 ml of 1 per cent acetate buffer, pH 4.5, at 37 C 
for 18 hr. After incubation, the pH was readjusted. to 
6.5 and the whole diluted to 250 ml. When the digested 
starch was added to the media at a concentration of 
10 g per L in place of glucose, only faint zones of growth 
were produced. 

in medium B the normal glucose concentration was 


Parke-Davis & Co., Detroit, Michigan. 


10 g per L; with suboptimal concentrations of glucose, 
the addition of digested starch greatly enhanced the 
clarity of the zones. When the glucose concentration 
was optimal no improvement was noted on the addition 
of digested starch. Similar results were observed on 
incorporating the digested starch in medium A. 

Effect of Tween 80 in the medium. Medium B was 
prepared with and without the addition of 0.1 g and 
0.5 g per L of Tween 80,° but no beneficial effect could 
be found with its inclusion in the medium for plate 
assays. 

Thiamine sparing action of ascorbic acid. Fang and 
Butts (1953) reported that ascorbie acid had a thia- 
mine sparing action on the growth of L. fermenti 36 
using the tube assay, and that a concentration of 0.05 
mg per ml supported growth in the absence of thiamine. 
It was reported by MaciasR (1957) that larger amounts 
of ascorbic acid (0.2 mg per ml) were required to demon- 
strate its sparing action using his medium and that, 
when Tween 80 was included, this effect could not be 
demonstrated even with 1.0 to 1.5 mg ascorbie acid 
per ml. With the plate assay, and medium B, with and 
without Tween 80, ascorbic acid up to a concentration 
of 50 mg per ml did not support the growth of L. fer- 
menti in the absence of thiamine. No thiamine sparing 
action was noted with concentrations of ascorbic acid 
up to 5000 times that of thiamine (2 wg per ml) when 
together in solution; similar results were found in 
plate assays with Kloeckera brevis. 

Effect of thiazole and pyrimidine. Although the thia- 
zole and pyrimidine moieties singly did not produce 
zones of growth comparable to those obtained when 
the complete thiamine molecule was present, inter- 
diffusion and some growth occurred on large plates 
with a 6 x 6 or an 8 x 8 design. Diffuse, faint growth 
was frequently found with pyrimidine and slightly 
sharper zones of growth sometimes occurred with 
thiazole; this depended on the concentrations used. At 
the same time, bands of growth appeared between the 
zones Where the two moieties had interdiffused. In 
general, these results applied to both media but some 
differences were noted between the two. When thiazole 
was added to thiamine solutions in concentrations up 
to 100 times that of the thiamine, no enhancement of 
the assay values of the thiamine was noticed. However, 
in the case of pyrimidine, enhanced values for thiamine 
were found when the pyrimidine was present in only 
10 times the concentration of the thiamine. Results 
were similar on both media, and the effects of thiazole 
and pyrimidine are being further investigated. 
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SUMMARY 


Plate assays of thiamine using Lactobacillus fermenti 
strain 36 were compared on two basal media. The 
opacity of the inoculum suspension was found to have 
a marked effect on the assay. No thiamine sparing 
action of ascorbic acid could be demonstrated with 
plate assays. 
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The rapid differentiation of lactose-negative sapro- 
phytes from the lactose-negative pathogens is a signifi- 
cant problem in the diagnosis of Enterobacteriaceae. 
Particularly important is the recognition of the urease- 
positive group. With the presently used urea-containing 
solid and liquid media (Rustigian and Stuart, 1941; 
Ferguson and Hook, 1943; Stuart et al., 1945; Christen- 
sen, 1946; Ewing and Bruner, 1947) one can determine 
the urease activity of a microorganism within a time of 
from 5 min to 48 hr depending on the composition of 
the medium, the size of inoculum, and the urease ac- 
tivity of the given strain. These methods delay the 
final bacteriological diagnosis because their application 
requires the inoculation of one or more media for the 
determination of urease activity after the use of an 
ordinary primary plating medium. Therefore, we 
wished to investigate the possibility of preparing a 
primary plating medium on which one could differen- 
tiate simultaneously the urea-splitting microflora from 


1 This work was supported by the National Research Council 
of Canada, Grant M.A. 729. Presented at the eighth annual 
meeting of the Canadian Society of Microbiologists, Halifax, 
June, 1958, and demonstrated at the exhibition of the VIIth 
International Congress for Microbiology, Stockholm, August, 
1958. 


the lactose fermenting colonies of enterobacteria. In so 
doing, the detection of urease activity becomes a pri- 
mary criterion in selecting colonies. 

As far as we could ascertain, only two similar solid 
mediums are mentioned in the literature. The first is too 
sensitive for alkalisation (Preuss, 1949), the second 
(Zarett and Doetsch, 1949), however, is selective for 
the genus Proteus but does not permit the simultaneous 
detection of other species. The urea-containing medium 
of Singer (1950a, b; 1951) marks some similarities in 
composition but, as with other differential media, one 
can use it only after the primary plating media. 


MATERIALS AND METHODS 
The composition of the medium is as follows: 


Soérensen’s NasHPO,4/KHsPO, 


ge |S ee 450 ml 
ES SRE A ae ee ee log 
EO TE ee ee 10g 
Bacto-yeast extract..................... 6g 
to gi ele Ss digs sas A 12.5 g 
Sodium desoxycholate (Difco)?........... 2¢ 


2 Difeo Laboratories, Ine., Detroit, Michigan. 
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Sodium chloride (Merck)*®...............5¢ 
Brom-thymol-blue (Merck).............. 0.125 g 
ro ee Puiu ew tea eA Res 2.5 ¢ 
NN Ee me ae 0.03 g 


Distiled WALEED... . 62.65 000600 ess to 1000.0 ml 


Final pH: ~ 6.3: 


Solution A, Add 15 g agar in 350 ml of distilled water 
to 450 ml of Sérensen’s phosphate buffer mixture (0.067 
a, pH 6.45). Boil until the agar is dissolved. 

Solution B. Add the following substances to 100 ml 
distilled water: 10 g peptone, 6 g yeast extract, 12.5 g 
lactose, 5 g sodium chloride, 2 ml of a 10 per cent solu- 
tion of sodium desoxycholate, 20 ml of a 0.5 per cent 
solution of brom-thymol-blue (see below). Dissolve by 
heating. Mix solutions A and B and boil for 2 min. Add 
sterile distilled water to give a final volume of 1000 ml. 
Cool to 80 C and add aseptically the following: 5 ml of 
a 50 per cent solution of urea (sterilised by filtration), 
10 ml of a 0.3 per cent solution of neutral-red (sterilised 
by autoclaving). Mix thorougly, pour 17-ml quantities 
to each Petri plate. Dry for 20 min at 37 C. The colour 
of the medium should be light yellowish-brown. After 
incubation with a faecal dilution the inoculated medium 
turns to light orange. 

The brom-thymol-blue solution is prepared by heat- 
ing 0.5 g of brom-thymol-blue in 2 ml of normal sodium 
hydroxide and adding 5 ml of distilled water, shake and 
add normal hydrochloric acid until a green colour 
appears. Adjust the volume to 100 ml with distilled 
water. 

The freshly prepared medium gives the best results, 
but one can store the medium at room temperature for 
5 days with little change. It is not susceptible to con- 
tamination by many of the usual contaminants. After 
7 to 10 days, a growth of mould sometimes appears. 
The inoculum should be small and the inoculated 
medium should be incubated at 37 C for 15 hr. 

The recognition of colonies of various colours is fa- 
cilitated by using light reflected from a white paper. 
The trials of this medium were made using pure cul- 
tures of fresh or old laboratory strains mixed with 
dilutions made from the faeces of healthy persons. 
With pure cultures, the differential characteristics of 
strains of Proteus become evident only in the presence 
of acidifying strains of Escherichia coli because they 
produce overalkalisation of the medium when alone. 
This overalkalisation could cause false results. 


RESULTS 


Table 1 shows the characteristic morphology of some 
of the enterobacteria studied on this new medium. It 
also indicates changes produced by them in this medium 
and specifies the reason for the change. This corres- 


Merck & Co., Inc., Rahway, New Jersey. 
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ponds, generally, to the production of acid or alkali. 
The brownish-orange colonies with a transparent zone 
are characteristically those of Bacillus shigae (Shigella 
dysenteriae). In the case of thick colonisation, the 
neighbouring colonies turn bluish. The colonies of 
Salmonella typhosa are small, brownish-yellow with a 
narrow and transparent zone. Raised, brownish-yellow 
colonies are characteristic of Salmonella paratyphi B. 
The abundant production of alkali in the case of thick 
colonisation results in the bluish colouration of neigh- 
bouring colonies. The colonies of Proteus are small or 
medium, convex and of a green or deep-blue colour be- 
vause of the liberation of urea alkali. Around the col- 
onies there is a transparent zone which is blue in almost 
all instances. The colonies of Proteus are especially 


TABLE 1 
Characteristics and effects of some enterobacteria on the buffered 
medium 





Morphology ee di ai ee 
Microorganisms | of Isolated Pree a a man ~ eae 
Colonies | ATO e Colonies Noticec 
| 
Shigella | Medium | Broad trans- | Alkali production 


dysenteriae Circular parent zone, 

| sometimes 
orange | bluish 

Trans- | | 


| . | 
Brownish- | 


parent 
Convex | 
Small 
Circular 
Brownish- | | 
yellow 
Transpar- 
ent | 
| 


Salmonella 
typhosa 


alkali 


production 


Thin transpar- | Moderate 


| 
| 
| ent zone | 
| 


Convex 


| Broad 


| 


Salmonella | Large 
paratyphi | Irregular 
B Brownish- 
yellow 

Transpar- 
ent 
Raised 


trans- | 
parent zone, | 
sometimes 
bluish 


Strong alkali pro- 
duction 


Broad — trans- 
parent zone, 
blue or 
colourless 


Small or 
medium 
Cireular | 
Deep-blue 
or green 
Transpar- 
ent, 
centre 
opaque 
Convex 


Proteus | Strong alkali pro- 
duction from 


urea by urease 


species 





Escherichia 
coli 


Large | Thin or broad | Adsorption of 
Circular | red-zone, neutral-red on 
Red precipitated the acid pre- 
Opaque cipitated 
Raised desoxycholate 


| 
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striking in the presence of colonies of Escherichia coll. 
The colonies of Escherichia coli are large, raised and red. 
In contrast with the other mentioned species, the 
colonies are always opaque. Around the colonies there 
is usually a red precipitated-zone. 

The results show that this medium is suitable for 
the differentiation of colonies of urease-producing 
Proteus from colonies of the other enterobacteria which 
are not ureolytic. The characteristics of colonies of 
Shigella dysenteriae differ from those of Salmonella 
paratyphi B and Salmonella typhosa. This difference is 
not so definite on other primary plating media. The 
Escherichia coli which usually abounds in faecal speci- 
mens does not interfere with the identification of the 
other enterobacteria investigated. 

The medium seems to be useful for the differentiation 
of the five different enterobacteria that were investi- 
gated under the given conditions of these trials, when the 
members of the genus Proteus are placed in one group. 

Table 2 shows what interference effects might occur 
between the colonies of these five different entero- 
bacteria particularly when one is in excess of the other. 
The object of this experimentation was to determine 
the effects that overgrowth of certain species might 


TABLE 2 
Countereffects between some enterobacteria on the buffered 
medium 


= a a 
Influence on Changes in the 


‘ . Reason for 
the Colonies |On the Neighbouring Colonies of, Colony Size 


the Change 





of: and Color Noticed 
—___—_——__} 
Shigella Salmonella typhosa No change 
dysen- Salmonella paratyphi B| No change 
teriae Proteus species No change 
Escherichia coli No change 
Salmonella | Shigella dysenteriae No change 
typhosa Salmonella paratyphi B| No change 
Proteus species No change 
Escherichia coli No change 
Salmonella | Shigella dysenteriae No change 
paratyphi| Salmonella typhosa No change 
B | Proteus species No change 
| Escherichia coli Pale pink | Alkali 
produc- 
tion 
Proteus Shigella dysenteriae No change 
species | Salmonella typhosa Smaller Alkali 
| produc- 
tion 
| Salmonella paratyphi B) No change 
| Escherichia coli Pale pink | Alkali 
produc- 
tion 
Escherichia | Shigella dysenteriae No change 
coli | Salmonella typhosa No change 
Salmonella paratyphi B) No change 
Proteus species Smaller, Acid pro- 
pale duction 
green or 
blue 


have on the differential recognition of colonic. for 
diagnostic purposes. 

live individual species are found in the first ¢o\umn 
of table 2, whereas the second column contains sepa- 
rately, but grouped, the four remaining enterobacteria 
that may be influenced by the single species in the first 
column. In the further columns are found the changes 
produced in the character of each type of colony and 
the reasons for the change. 

The results show that only a thick colonisation of 
Proteus species influences unfavourably the differcntia- 
tion of other colonies. The overgrowth of Escherichia 
coli merely produces a partial and pale decolouration 
of the colonies of Proteus, but not enough to interfere 
with differentiation. 


Discussion 


The ability of this medium to differentiate colonies 
of the species studied depends primarily on the buffer 
system. This ensures that the pH of the medium is 
influenced only by the high acidity produced by Ls- 
cherichia coli or by the strong alkali produced by Pro- 
teus. The pH changes brought about by the colonies of 
the other species are limited and do not interfere with 
the differentiation of colonies. The indicator mixture 
used does not inhibit the species investigated, but will 
visualise marked changes in the pH to the alkaline or 
acid side. Its colour at neutrality differentiates both 
acid or alkali changes. The Bacto-peptone assures a 
moderate growth of Proteus without decolourisation of 
the brom-thymol-blue, which is often seen with other 
peptone preparations that yield a more vigorous 
growth. The Bacto-yeast extract assures the optimum 
growth of Shigella dysenteriae and Salmonella para- 
typhi B and the differentiation of these organisms from 
the others is definitive. We lost this possibility by 
substituting the yeast-extract for Bacto-beef extract 
or by its simultaneous utilisation. The increased quan- 
tity of lactose assures the recognition of colonies of 
Escherichia coli and is advantageous in the recognition 
of other colonies because the volatile acid products 
(CO.) cause a slight acidity in the medium. This turn- 
over is marked by the brom-thymol-blue. An other 
important role of this dye is the visualisation of the 
alkali production by Proteus caused by the splitting of 
urea. The surplus of volatile ammonia is bound by the 
phosphate buffer. The desoxycholate controls the gram 
positive intestinal organisms. This salt produces a fine 
precipitate in the medium which absorbs the neutral- 
red indicator. The acid accumulating around acid 
producing colonies of E'scherichia coli caused an increase 
in the precipitation of sodium desoxycholate and simul- 
taneously there appears the change in colour of the 
adsorbed neutral-red due to this acid. The concen- 
tration of agar controls the swarming of Proteus and 
also limits the diffusion of alkali compound produced 
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from urea. Intensive reduction of the concentration of 
agar produces an increase in the zone around the colo- 
nies of Proteus. An optimum concentration of urea is 
important because this regulates the amount of alkali 
produced by Proteus. An excessive amount of urea | ads 
to overalkalisation of the medium. An important point 
is to avoid sterilising this medium by steam under 
pressure Which can cause the formation of many in- 
hibitory factors. Finally, the proper adjustment of the 
neutral-red indicator followed by immediate pouring of 
the medium assures a uniform dispersion of the easily 
precipitated indicator. Good drying of the surface of 
the medium is necessary to control swarming of Proteus 
(H form). 
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SUMMARY 

A buffered, urea-containing primary plating medium 
is described which permits differentiation of the urease- 
active members of the genus Proteus (mirabilis, mor- 
ganii, rettgeri, vulgaris) after 15 hr incubation at 37 C 
from other urease negative enterobacteria (Shigella 
dysenteriae, Salmonella paratyphi B, Salmonella typhosa, 
and Escherichia coli‘. The medium expedites orientation 


PRIMARY PLATING MEDIUM FOR DIFFERENTIATING PROTEUS 





as early as first isolation because it allows elimination 
of the ureolytie genus Proteus. This action is unlike 
other media, which require further identification be- 
rause of the similarity of these colonies. The medium 
is also suitable for, the differentiation of some urease- 
negative enterobacteria (Shigella shigae, Salmonella 
typhosa, Salmonella paratyphi B) and one can clearly 
differentiate the colonies of Escherichia coli from others. 
The important component of the medium is the phos- 
phate buffer which fixes the surplus of ammonia re- 
leased from urea by Proteus species. The characteristic 
strong alkalisation is apparent only in the immediate 
neighbourhood of the colonies of Proteus. The volatile 
acids released by the fermentation of lactose by Escher- 
ichia coli favour this influence. The growth of gram 
positive organisms and the swarming of Proteus species 
is completely controlled. 
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Method for Rupturing Large Quantities of Microorganisms' 
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Many procedures have been described (Umbreit e¢ 
al., 1957) for the mechanical rupturing of yeast and 
bacterial cells. These techniques vary from simple 
hand grinding with abrasives to the use of extrusion 
or high speed shaking devices. These techniques, al- 
though generally satisfactory when dealing with small 
quantities of cells, are unsuitable for breaking larger 
quantities of cells required in many investigations. 

To provide a more suitable method for grinding 
larger quantities of cells, an attempt was undertaken 
to rupture cells in a cell-glass bead slurry under condi- 
tions where high shearing forces could be obtained. 
The Eppenbach* laboratory colloid mill Model QV-6 
was chosen for this purpose. This colloid mill has a 
rotor 2 in. in diameter and operates at 8000 rpm. The 
clearance between the rotor and stator can be varied 
from 0.0005 to 0.125 in. The homogenizing zone and 
the lower portion of the feed reservoir are jacketed for 
cooling purposes and a bypass line provided for recir- 
culating the discharged slurry back to the feed reservoir. 

Runs were made with 300 to 600 ml batches of heavy 
cell suspensions to which were added Superbrite* glass 
beads. The beads used were 120 to 130 yu» in diameter 
except for a single run with Bakers’ yeast where | to 
20 uw beads were tried. Permanent antifreeze at —25 C 
was circulated through the jacket to maintain the 
slurry temperature at 15 to 20 C. Lower temperatures 
could not be maintained without material freezing on 
the interior surfaces of the mill; however, this problem 
could readily be solved by increasing the heat transfer 
area and raising the coolant temperature. 

Two representative organisms were chosen to survey 
the conditions for optimal cell breakage: one was Es- 
cherichia coli and the other a semiconstitutive 6-glu- 
cosidase hybrid yeast strain (Saccharomyces fragilis 
610 X Saccharomyces dobzhanskii 1974) furnished by 
Dr. Wickerham. The influence of bead concentration, 
mill setting, and time on cell breakage is summarized 
in table 1. Protein and enzyme assays showed that the 


1 Published with the approval of the Director of the Wis- 
consin Agricultural Experiment Station. 

This investigation was supported in part by a research grant 
(E1459) from the Division of Research Grants of the National 
Institutes of Health, United States Public Health Service. 

2 Present address: Warner-Lambert Research Laboratories, 
Morris Plains, New Jersey. 

3 Gifford-Wood Co., Hudson, New York. 

4Minnesota Mining and Manufacturing Co., St. Paul, 
Minnesota. 
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optimal breakage was obtained with 60 ml of beads per 
100 ml of suspension and with a mill setting of 0.030 
in. Microscopic examination following such treatment 
of yeast (20 min) and £. coli (15 min) showed 99 per 
cent breakage. 

The rate of breakage of a suspension (170 mg dry 
wt per ml) of commercial bakers’ yeast cake,* as indi- 
cated by supernatant fluid protein determinations, is 
shown in figure 1. Under condition A (60 ml of 120 4 
beads per 100 ml suspension) maximum protein libera- 
tion was observed after 10 min. The dry weight of the 
supernatant after 30 min was 110 mg per ml. The 
decrease in supernatant protein after 10 min is thought 
to result from protein loss during centrifugation. Condi- 
tion B (40 ml of 1 to 20 uw beads per 100 ml suspension), 
however, showed only slight breakage and 16.2 mg dry 
wt per ml of supernatant after 30 min. 

Preliminary experiments suggest that this method 
can be used equally well for breaking mold mycelium. 
In an experiment analogous to that with FZ. coli (table 
1), over 95 per cent breakage of Aspergillus niger my- 
celium was obtained in 3 min. 

The success of this method is thought to result from 
the very high shearing forces to which the cells are 
subjected. The shearing forces obtained with cell bead 
slurries in devices such as the Waring Blendor are much 
less than can be achieved with a colloid mill. Presum- 


5 Red Star Yeast Co., Milwaukee, Wisconsin. 


TABLE 1 


Effect of bead concentration and mill setting on cell breakage 


f | 





1959] 


Figt 
at 260 


ably | 
glass | 
shoul 
mills 

cially 
funct 
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Organism Penn | Mill | Vol- pate 
ae cen-| Setting | ume 
—s ae | me | 2 5 10 15 20 
‘ : - at - | ml | pene ‘mit 
Yeast} 60 | 0.030 | 300 75 120 
60 | 0.060 | 300 | | 55 70 | 85 
60 | 0.020 | 300 66 | 72 | 79 
30 | 0.030 | 300 | 135 | 50 | 60 
| | | mg protein/ml 
Escherichia | 60 | 0.030 | 565 | 7.1) 8.1 | | 39.4 | 
coli§ | | | | | 
* MI 120 w beads per 100 ml cell suspension. 
t+ Units 8-glucosidase per ml X 107% (Duerksen and 
Halvorson, 1958). 
t Saccharomyces fragilis strain 610 XX Saccharomyces 


dobzhanskii strain 1974; 100 g Sharples paste per 50 ml buffer. 
§ 300 g Sharples paste plus 300 ml buffer. 
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Figure 1. Rupture of bakers’ yeast. Assay: Supernatant protein determined spectrophotometrically from ratio of optical densities 
at 260 and 280 mu. 


ably other abrasive agents could be used instead of REFERENCES 
glass beads; however, the influence of size distribution DvueRKSEN, J. AND Hatvorson, H. O. 1958 Purification 
should be investigated. Many other types of colloid and properties of an inducible 8-glucosidase of yeast. J. 


Biol. Chem., 233, 1113-1120. 


mills and homogenizers, which are available commer- ; sage : : ad 
= Umpreit, W. W., Burris, R. H., ANp Staurrer, J. F. 1957 


cially in a wide range of sizes, could be expected to Manometric techniques. Burgess Publishing Co., Min- 
function as well as the Eppenbach mill. neapolis, Minnesota, p. 156. 











Studies on the Bacteriological Quality of Frozen Meat Pies 


I. Bacteriological Survey of Some Commercially Frozen Meat Pies 
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Consumer acceptance of manufactured frozen “heat 
and serve” foods has produced a fast growing industry. 
Mass processing of these foods brings about various 
problems of a microbiological nature on the produc- 
tion, distribution, and retail level. Many segments of 
the industry have developed adequate quality control 
measures for flavor, physical appearance, stability, and 
wholesomeness. Slocum (1956) has stated that a sani- 
tary or wholesome food is one free from injurious sub- 
stances including infectious microorganisms. He adds 
that the modern concept of food quality control has 
expanded this definition to include freedom from ma- 
terials that are repulsive or obnoxious regardless of 
their importance as agents of disease. Therefore, for 
effective sanitary control for the wholesomeness of 
convenience frozen foods, some processors have found 
it necessary to employ routine bacteriological measures. 

Fitzgerald (1947a) pointed out the importance of 
vareful plant sanitation during processing on the bac- 
teriological quality of frozen foods and that frozen 
fruits and vegetables served in raw salads might be a 
possible source of “infection.” 

Although no major outbreak of food poisoning has 
been attributed to commercially frozen meat. pies, the 
fact remains that these products might easily be con- 
taminated during processing and could provide an 
excellent medium for bacteriological growth. Despite 
the fact that baking of frozen meat pies will destroy a 
majority of the microbiological flora present, a bacteria 
free product is usually not achieved, and heat stable 
toxins elaborated by staphylococci are not eliminated 
but only slightly reduced in potency. 

Microbiological standards for precooked frozen foods 
are presently being advocated by food sanitarians, 
public health officials, and food processors. As early as 
1947, Fitzgerald (1947b) recognized the need for micro- 
biological standards for frozen foods, and recommended 
an upper limit of 100,000 bacteria per g. Rayman et al. 
(1955) of the Quartermaster Food and Container In- 
stitute discussed this problem at a symposium. They 
suggested a standard of 100,000 viable bacteria per g. 
This recommendation was shared by Weiser (1957) in 
his article. Huber et al. (1958) reported on additional 


1 Present address: Camden, New Jersey. 
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information to further substantiate the reecommenda- 
tion of Rayman. Litsky et al. (1957) independently 
confirmed these suggestions as realistic and workable 
after making a bacteriological survey of commercially 
frozen poultry and tuna pies. 

The present bacteriological survey of commercially 
frozen meat pies obtained at the retail level was under- 
taken to evaluate the findings of work reported in the 
literature on a practical commercial basis. 


MATERIALS AND METHODS 


The commercially produced frozen meat pies used 
in this investigation were purchased at retail markets 
in Omaha, Nebraska. Whenever possible, six frozen 
meat pies of the same brand and having the same lot 
number were selected. After a period of eight months, 
the same brands were again collected and sampled. 
Twelve different brands are represented in this study. 

Samples of the frozen meat pies for bacteriological 
analysis were obtained by using a stainless steel cheese 
trier which was previously sterilized by dipping into 
alcohol and then flaming. The sample was placed into a 
sterile Waring Blendor and sterile distilled water added 
to it to give a 1:10 dilution by weight. The samples 
were blended for 3 min and serial dilutions were made 
from this suspension. 

Total counts were determined by plating serial dilu- 
tions of the blended suspension with tryptone glucose 
extract agar (Difco).2 For the enumeration of the coli- 

forms, desoxycholate agar (Difco) was used as _pre- 
scribed by Standard Methods for the Examination of 
Dairy Products (APHA, 1953). The plates were over- 
layed with desoxycholate agar. Characteristic colonies 
were counted after a 24-hr incubation period at 37 C. 

The Most Probable Number (MPN) method was 
used for the enumeration of fecal streptococci. The 
MPN was obtained by adding 10-, 1-, 0.1-, and 0.01-ml 
portions of the blended suspension to sets of five repli- 
cate azide dextrose tubes. After 48 hr incubation at 
35 C, transfers were made into ethyl violet azide broth 
tubes. 


2 Difeo Laboratories, Ine., Detroit, Michigan. 
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TABLE 1 


Bacteriological examination of frozen chicken meat pies from 
retail outlets 


> | 
Bacteria per g | 
Presence | Presence 


Pro- —— . Enterococci |. ~aees 

ducer Tatal count Coliforms Staphylo- MPN — — 
coccl 

Al 11,000 | 0 60 | 49 = = 
2 8,000 0 700 | 9.3 _ 4. 
3 7,000 | 0 200 11 | —- — 
4 12,000 10 0 170 
5 21,000 0 10 33 
6 54,000 100 110 49 

B1 80,000 0 100 79 _ _ 
2 1,000 | 0 10 23 = = 
3 12,000 | 0 80 ae | = = 
4 21,100 0 10 100 
5 65,000 10 0 170 
6 | 74,000 0 0 340 

C1 | 6,500,000 | 1,300 0| 3,500 = ate 
2 | 12,000,000 | 1,600 0 | 24,000 = ae 
3 | 2,600,000 100 0| 2,400 = + 
{ 24,000 860 10 540 
5 79,400 | 2,000 120 1,600 
6 890,000 | 1,000 1,190) 5,400 

D1 | 13,000 20 80 14 - 
2 26,000 0 80 79 _ _ 
3 71,000 10 100 | 9,200 = = 
| 53,000 10 0 | 12,000 
5 480,000 | 1,480 10 | 35,000 
6 6,400 60 0 410 

El 15,000 0 100 0 = — 
2 790,000 200 | 1,800} 5,400 = = 
3 10,000 0 40 2 _ — 

Fl 720,000 | 1,600 | 30,000 | 3,500 = a2 
2 35,000 50 100 330 _ = 
3 380 , 000 40 | 1,400 ioe | = = 
4 440,000 | 12,000 | 28,000 | 1,800 
5 | 98,000 | 2,400} 170 220 
6 62,000 700 | 240 100 

G4 16,000 0 100 33 - — 
2 10,000 100 40 49 _ _ 
3 40,000 10 0 23 | — = 
4 27,000 50 200 27 
5 42,000 10 120 13 
6 64,000 0 60 17 

H1 2,000 10 100 Pepe = 
2 3,000 20 10 45 | = _ 
3 1,000 0 20 | 13 = = 
4 7,000 0 0 20 
5 | 9,000 0 0 0 
6 14,000 10 130 0 

[1 | 1,400,000 0 | 0 110 «~ 1 * 
2 | 1,300,000 10 0} 540 - + 
3 80,000 0 80 220 _ — 
{ 940,000 | 1,000 | 13,000 | 11,000 
5 21,000 20 0 0 

51 | 3,000 0 20 | 17 - | = 
2 1,000 0 100 23 — | 
1,000 0 100} 186 | — | = 
1,900 70 0 | o| - _ 
5 3,000 0 0 20 | - | = 
6 5,000 10 0 o |j|-/]- 


Mannitol salt agar (Difco) was used to determine 
the presence of staphylococci. Salmonellae and paracolon 
bacteria determinations were made on part of the sam- 
ples according to the method described by Byrne et al. 
(1955). 


TABLE 2 


Bacteriological examination of frozen turkey meat pies from 
retail outlets 





Bacteria per g | 
pers Pres- Pres- 
_—ss —__—_____—__ Enterococci | ence of |ence of 
P Salmo-| Para- 


| 
| 
| 
Producer | 
| 


Staphylo- 


| Total count| Coliforms | phitane nellae | colon 
Al 6,300 0 | 560 310 - | - 
2 20,000 | 30 2,200 | 700 ~ _ 
3 | 82,000} 0 2,600 | 7,900 - | - 
4 | 7,800 | 0 100 110 
5 | 29,000 10 | 240 | 350 
6 5,100 0 | 140] 49 | 
Bl 49,000 | o | 0 33 — | + 
2 13,000 | 0 | 10 | 33 _ - 
3 5,400| 120 | 320 | 240 _ _ 
4 12,000 0 120 | 33 
5 8,200 | 0 | 10 6.8 
6 4,10! 10 | 100 17 | 
Cl 6,000 0 220 140 _ _ 
2 6,700 30 980 920 -j- 
3 1,700; 0 660 240 -|- 
4 20,000 | 0 120 240 | 
5 41,000 0 | 10 49 
6 32,000} 10 130 110 
G1 16,000; 10 | 500 540 - | + 
2 7,700; 10 | 350 130 — | 
3 16,000; 10 | 1,300 | 3,500 «4 + 
4 26,000, 10 10 120 
5 88,000} 140 | 190 | 5,400 
6 800; 80 | 0 | 33 
11 11,000 0 | 430 79 - |- 
2 17,000} 0 890 350 ~~ | wm 
3 18,000 | 0 | 480 240 - | - 
4 24,000) 10 | 0 | 110 
5 | 65,000 | 0 120 | 240 
6 112,000 | 100 | 1,600 | 3,500 | 
J 350 | 0 | 70 | 7.8| -— | = 
2 1,300 | 0 | 90 33 - | - 
3 1,100 | 0 | 230 79 -|- 
4 6,000 | 0 | 10 | 280 | 
5 1,800) oO | 130 | 21 | 
6 9,000; 0 | 180 | 460 | 
K 1 9,800 | 0 | 2,800 330 a 
2 7,400; 20 | 4,500 | 330 -|- 
3 6,100; 10 | 1,100 | 310 - | - 
4 20,000} 10 | 100 | 7 | 
5 12,000 | o | 0 | 790 | 
6 8,000 | 0 | 0 | 0 | | 
L1 4,400; 0 | 1,400 | 49 | + _— 
2 2,400 0 | 760 | 130 _ + 
3 940 | o | 30, 2 | —]| = 
4 3,200; 10 | 10 | 33 | | 
5 | 10,800 | 0 | 90 | 130 | 
6 | | 0 | 50 | 98 


14,000 
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RESULTS AND DIscussION 


The results of the bacteriological survey of commer- 
cially frozen meat pies are presented in table 1 through 
4. The data on the chicken meat pies are tabulated 
in table 1. The total bacterial count for chicken meat 
pies ranged from 1,000 to 12,000,000 per g. Of the 56 
pies examined, 12 had total bacterial counts over 


TABLE 3 
Bacteriological examination of frozen beef pies from retail 
outlets 


Bacteria per g 


, _| Pres- | Pres-_ 
Producer | Bmesrpage| uot fee, 
Total count! Coliform oa | nellae | colon 

—_ 2 | = | 

Al 5,100 | 0 40 9.3) — _ 
2 | 20,00; oO |}; wij} nunif]-| - 
3 | 5,000} 10 | 10 | 240 | — | — 
4 12,000; 0 0 | 130 | 
5 | 8,000 | 0 0 | 84 | 
6 | 4,000; 10 0 64 | 

Bi | 200) o | m| zs -]| - 
2 | 10,00) 0 | 10-| 0}; - | - 
3 | 1,000; 20 | 160 | 130 | — - 
4 | 4,000 | 0 | 0 | 0 
5 | 5,000); 0 | 0 | 0 
6 | 13,000; 10 | 0 0 

C1 | 300,000, 10 | 0 | 33,000 | — | + 
2 9,000, 20 | 0 20 | — | —- 
3 30,000 10 | 3,000 | 7,000 | — _ 
4 | 6,000 | 0 2,000 55 
5 | 142,000 10 7,000 | 4,300 
6 | 12,000 | 0 | 3,800 180 

G1 100 | 0 | 100 2] - ~ 
2 300 | 0 | 0 0 _ _ 
3 | 3,400 0 0 cae ig 
4 | 8,000 0 0 15 
5 | 4,000 | 0 | 0 19 
6 | 1,000 | 0 | 10 22 

11 | 10,000} 10 | 40 20 | — _ 
2 | 16,000} 10 | 100 330 | —- _ 
3 | 10,000 | 0 | 100 1» | - _ 
4 | 22,000 | 0 | 180 620 
5 | 64,000 | 120 | 11,200 | 21,000 
6 | 41,000; 10 | 1,600 | 25,000 

K1 | 2,000 0 | 180 790 a = 
2 | 10,000 | 0 | 1,000 | 24,000 | — - 
3 | 7,000 | 0 | 1,000 | 4,900 | - _ 
4 | 12,000} 20 100 150 
5 | 6,000} 10 | 0 180 
6 | 10,000 | 0 | 10 1,700 

L1 | 1,000 | 0 10 3 | - _ 
2 | 10,000 | 0 | 50 0o| - - 
3 | 1,000; 10 60 23 
4 | 2,00) Oo | 100 0 
5 | 8,000 0 0 0 
6 | 6,000 o | 10 ll 

J 10,000 | o | 20 130 | — + 
2 900 0 | 200 240 | — _ 
3 2,000 | 0 30 330 | —- -_- 
4 24,000 | 0 | 6,800 | 14,000 | 
5 | 65,000} 120 | 14,600 44,000 
6 8,000 240 


12,000 | 10 


K. KERELUK AND M. F. GUNDERSON 
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100,000 per g. Brand C had high total counts in fou 
out of six samples examined and Brand I had high 
counts for half of the samples examined. Both of these 
brands had excessively high coliform and enterococe 
counts. Enterococci were found in all but five of the 
chicken meat pies and they were always more numerous 
than the coliforms. Also, the enterococci were nearly 
always found when coliform organisms were absent, 
The high count pies of Brand C and I did not demon- 
strate the presence of any staphylococci. 

The results of the examination on the turkey meat 
pies (table 2) indicated a better over-all bacteriological 
quality. Only one of the turkey meat pies (Brand I, 
sample 6) had a total bacterial count over 100,000 per 
g. Forty-six beef pies (table 3) had total counts .under 
100,000 per g. As previously noted, the enterococci were 


TABLE 4 
Bacteriological examination of frozen tuna meat pies fron 
retail outlets 


Bacteria per g 


Pres- Pres- 
ne Enterococci ence of | ence of 
| ae MP? Salmo- | Para 
Total count) Coliforms ieee nellae | colon 
Bl 1,000 | 0 30 0 = = 
2 870 0 0 13 _ = 
3 5,700 0 260 23 = = 
{ 12,000 0 0 S4 
5 21,000 10 0) 64 
6 28,000 110 10 150 
D1 50 0 10 13 = 2 
2 70 0 | 10 7 = = 
3 180 | 0 20 2 - _ 
| 1,000 | 0 0 70 
5 3,000 20 0 180 
6 , 200 20 0 0 
G1 130 0 10 11 _ - 
2 90 0 0 2 oe a 
3 70 0 Oo | 2 = = 
{ 340 0 | 0 0 
5 920 0 0 10 
6 1,000 0 30 12 
Les 70 | 0 0 45) = _ 
2 40 0 0 2 | - - 
3 60 0 | 0 | 49 a 
4 100 0 4 0 8.2 | 
5 11,000 | Oo 3 10 350 | 
6 2,000 0 40 0 | 
M1 530 0 0 49 ~ | & 
2 300 oO 0 22 - | - 
3 990 | 0 100 49 | — | 
t 1,000 | 0 | 0 0 | 
5 12,000 10 100 150 | | 
6 4,000 | 0 10 13 | | 
N1 700 | 2 | 10 20 | — | - 
2 1,100 0 10 3,500 - | - 
3 700 0 0 270 — | - 
{ 2,700 | 10 140 4900 | -— | - 
5 1,700 130 | ~~ 60 45 | -— | - 
6 soo | 10 | 100 i = 
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found consistently and usually in greater numbers 
than the coliform bacteria. 

The results of the determinations on the tuna meat 
pies ure presented in table 4. It is apparent from the 
examination of the data that the microbiological quality 
of tuna meat pies was consistently better than that of 
the poultry or beef pies. All of the 36 tuna pies had total 
counts under 100,000 per g, and all but one sample 
(B-6) had total counts under 25,000 per g. 

For all the different frozen meat. pies examined, 
feeal streptococci were consistently found and in greater 
numbers than the coliform bacteria. This coincides 
with the findings of Larkin et al. (1955) and Canale- 
Parola and Ordal (1957). 

Of 93 frozen meat pies, no Salmonella were found, 
however, paracolon group bacteria were demonstrated 
in 13 of the samples examined. Since no Salmonella 
were found in the first group of frozen meat pies exam- 
ined (sample number | through 3 inclusive, for each of 
the producers) the testing for Salmonella was discon- 
tinued, Litsky ef al. (1957) also found no Salmonella 
present in a group of 132 frozen meat pies examined. 

A total of 188 frozen meat pies, commercially pro- 
dueed and procured at the retail level, was examined 
for the total number of bacteria, coliforms, enterococci, 
staphylococci, salmonellae, and paracolon group organ- 
isms. Fourteen of the total number of 188 frozen meat 
pies had a total bacterial count over 100,000 per g, or, 
about 93 per cent of the pies were produced with a total 
bacterial count under 100,000. About 83 per cent of the 
frozen meat pies had total counts under 50,000 per g. 

It appears from this study that the proposed stand- 
ard of 100,000 bacteria per g is reasonable and would 
not cause any possible hardship on the producers. Once 
this proposed microbiological standard is accepted by 
the industry on frozen meat pies produced, it may be 
feasible to impose a more stringent standard after a 
suitable period of time. With three-fourths of the com- 
mercially produced frozen meat pies sampled in this 
survey having total bacterial counts under 25,000 per g, 
it is shown that frozen meat pies with low bacterial 
counts ean be produced and distributed. It may even be 
suggested that the proposed standard of 100,000 bac- 
teria per g is too high and that possibly the permissible 
bacterial count be lowered to 50,000 per g. 

Even though frozen meat pies can be produced com- 
mercially with excellent sanitation and low bacterial 
counts, there is no assurance that the product pur- 
chased at the retail level will have a low bacterial count. 
It is generally recognized by the producers that abuses 
in handling foods do occur in the distribution systems. 
High bacterial counts may be often due to mishandling 
during distribution and improper storage at the retail 
level. Before any bacteriological standards are to be 
accepted, a bacteriological survey of frozen foods should 
be undertaken with a series of random samples taken 
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directly from the majority of the producers and not 
from retail freezer cabinets. 


SUMMARY 


A total of 188 frozen meat pies commercially pro- 
duced and procured at the retail level was examined 
for total number of bacteria, coliforms, enterococci, 
staphylococci, and the presence of salmonellae and 
paracolon bacteria. Fourteen of the total number of 
188 frozen meat pies had total bacterial counts over 
100,000 per g, or, 93 per cent had total counts under 
100,000 per g. About 83 per cent of the frozen meat 
pies had total counts under 50,000 per g and 75 per 
cent had total counts under 25,000 per g. It appears 
from the data of this investigation that a bacteriological 
standard of 100,000 per g is reasonable. However, 
before any bacteriological standards are to be accepted 
a bacteriological survey of frozen food should be under- 
taken with a series of random samples taken directly 
from the majority of the producers and not from retail 
freezer cabinets. 

Enterococci were found more consistently and usually 
in greater numbers than the coliform bacteria. 
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The enterococci have been reported by various in- 
vestigators to be present in a variety of frozen foods. 
At the present time, it is debatable whether coliform 
bacteria or enterococci are better indicators of contam- 
ination in foods and/or water; however, there is a defi- 
nite trend toward the use of enterococci in preference 
to the Escherichia-Aerobacter group for the detection 
of bacterial contamination in foods. 

Andrewes and Horder (1906) described a micro- 
organism from the human intestine which was very 
similar to the bacterium described by Thiercelin (1899). 
They designated this bacterium as Streptococcus faecalis. 
Later, Orla-Jensen (1919, 1943) described three species, 
Streptococcus faecium, Streptococcus glycerinaceus, and 
Streptococcus liquefaciens, and designated them as be- 
longing to the enterococcus group. He based these 
separations on fermentation reactions. 

Sherman (1937) published a monograph on the strep- 
tococci and considered Orla-Jensen’s S. faecium and 
S. glycerinaceus as varieties of S. faecalis. 

Skadhauge (1950) was able to separate S. faecium 
from S. faecalis on the observation that S. faecalis was 
not inhibited by 1:2500 potassium tellurite, whereas 
S. faecium failed to grow at this concentration. He 
further noted that these two organisms possessed 
different maximum temperature limits of growth and, 
also, had serological differences with respect to type 
specificity. 

Barnes and Ingram (1955) reported that enterococci 
were recognized as important organisms in the flora of 
meats. These bacteria were isolated from spoiled canned 
hams in large numbers and, if these bacteria were in- 
itially present, they were able to multiply. The authors 
also stated that the bacteria isolated from canned hams 
were solely of porcine, rather than human origin, and 
that S. faecalis was absent from both the intestine of 
the pigs and from canned hams. Lake et al. (1957) were 
unable to confirm the contentions of Barnes and In- 
gram. Based on thermal tolerance tests, they were able 
to explain the more common occurrence of S. faeciwm 
in canned hams. 


1A preliminary report of this work was presented at the 
annual meeting of the Society of American Bacteriologists, 
Chicago, Illinois, May, 1958. 

2 Part II, ‘‘A comparison of the methods for the enumera- 
tion of the coliform group organisms,”’ of this series appears in 
J. Milk and Food Technol., 22 (6), 176-178, June, 1959. 
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At present, two species of enterococci are recognized 

Bergey’s Manual of Determinative Bacteriology, 
(Breed, Murray, and Smith, 1957). Streptococcus zymo- 
genes and S. liquefaciens have been designated as vari- 
eties of S. faecalis. Streptococcus durans remains as a 
separate species. 


in 


Enterococci have been demonstrated to be present 
in a variety ot frozen foods and have received consider- 
able attention in the past few years because many of 
these organisms are able to tolerate high concentrations 
of salt, temperature and acid conditions that are im- 
portant in food preservation; however, little or no infor- 
mation is available as to the species of enterococci 
present. This investigation was undertaken to deter- 
mine the species of enterococci present in frozen meat 
pies. 


MATERIALS AND MeEtrHops 


A bacteriological survey was conducted on com- 
mercially frozen meat pies produced by various proc- 
essors and obtained from retail outlets in Omaha, 
Nebraska. The enterococci investigated in this study 
were isolates from these various frozen meat pies. 

Samples of the frozen meat pies for bacteriological 
analysis for the enterococci were removed by using a 
stainless steel cheese trier which was previously steri- 
lized by dipping into alcohol and then flaming in a 
Bunsen burner. The sample was placed into a sterile 
Waring Blendor and sterile 2 per cent peptone water 
was added to give a 1:10 dilution by weight. The sam- 
ples were blended for 3 min. The Most Probable Num- 
ber (MPN) method of Litsky et a/. (1953) was used for 
the enumeration of the enterococci. The MPN was 
obtained by adding 10-, 1-, 0.1-, 0.01-, and 0.001-ml 
portions of the blended suspension to sets of five repli- 
‘ate azide dextrose broth tubes (AD). After 48 hr in- 
cubation at 35 C, 0.1-ml samples from the positive AD 
tubes were transferred into ethyl violet azide broth 
tubes (EVA) for confirmation. The EVA tubes were 
incubated for 48 hr at 35 C. Turbidity and the forma- 
tion of a purple button on the bottom of the EVA 
broth tubes was considered to be a positive confirma- 
tory test. 

All positive EVA broth tubes of the highest dilution 
were separated out and transfers made to brain heart 
infusion broth. Streaks were made from the brain heart 
infusion broth on blood agar plates for the purpose of 
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obtaining well isolated colonies and also to determine 
hemolysis. Separate colonies were picked and trans- 
ferred back into brain heart infusion broth. These 
were kept as stock cultures. The stock cultures were 
subjected to the requirements first specified by Sherman 
(1937) which consisted of the following: (1) growth at 
45 C; (2) growth at a pH of 9.6; (3) growth in the pres- 
ence of 6.5 per cent sodium chloride; (4) growth in the 
presence of 0.1 per cent methylene blue. 

If the organisms grew under these four conditions, 
they were considered to be members of the enterococcus 
group. 

Additional tests were also conducted for the determi- 
nation of hemolysis and gelatin liquefaction. lifteen per 
cent human blood in blood agar base (Difco)* was used 
for the detection of hemolysis. Stabs were made in 
nutrient gelatin (Difco) for the determination of gela- 
tin liquefaction. Potassium tellurite tolerance was 
determined on blood agar containing 15 per cent human 
blood and a potassium tellurite concentration of 1:2500. 
Fermentation reactions were determined by using 
purple broth base (Difco) with a 1 per cent carbohy- 
drate concentration. 


RESULTS AND DISCUSSION 


A total of 93 frozen meat pies was examined for the 
presence of enterococci by using the MPN method. An 
examination of the results tabulated in table 1 indicates 
that poultry meat pies and beef meat pies contained a 
larger number of enterococci than did the tuna meat 
pies. The tuna meat pies contained a relatively low 
level of enterococci. 

Colonies were isolated from the positive EVA tubes 
of highest dilution. These isolates were subjected to the 
requirements for enterococci as specified by Sherman, 
as well as other physiological tests needed for identifi- 
cation. The results of the physiological tests and Sher- 


3 Difco Laboratories, Inc., Detroit, Michigan. 


TABLE 1 


Most Probable Number of enterococci in frozen meat pies* 


Brand | Chicken Pies Turkey Pies Beef Pies Tuna Pies 
A 23 3,000 90 = 
B 120 1,000 46 | 12 
C 10,000 440 14,000 
D 3,100 — 8 
1D) 1,800 = a 
F 1,300 rn = 

i 35 1,390 2 ze 
H | 23 = = 
I | 213 220 240 = 
J | 60 40 230 — 
K 330 10,000 = 
L 80 | 18 18 


M | _ | 40 


* Avg of three pies. 


man’s requirements are recorded in table 2. The results 
indicate that the 307 isolates from positive EVA tubes 
met Sherman’s requirements and were classified as 
enterococci. These findings agree with those of Za- 
borowski et al. (1958) who reported that a positive 
EVA test was sufficient for confirmation for the enter- 
ococci. Since all of the isolates from positive EVA tubes 
were members of the enterococcus group, they were 
further investigated to determine which species of 
enterococci was present in each of the samples. 
Sherman has separated S. faecalis and S. faecalis var. 
liquefaciens from S. durans and S. faecalis var. zymo- 
genes on the basis of the latters’ ability to produce 
B-hemolysis on blood agar plates. None of the 307 
isolates demonstrated any B-hemolysis. On this basis, 
S. durans and S. faecalis var. zymogenes were separated 
out. Blood agar pour plates of human and sheep blood 
were used in the study. Shattock (1955) has reported 
that the hemolysis characteristics of the enterococci 


TABLE 2 


Identification of 307 enterococci isolated from frozen meat pies 





Sherman’s Criteria 
Growth at 45 C ) All of the 307 isolates 
Growth at pH 9.6 | met Sherman’s cri- 
Growth in the presence of 6.5% NaCl | teria and were 
Growth in the presence of 0.1% methyl- classified as En- 
ene blue in skim milk terococci. 








54 Isolates 
Fermented 

arabinose 
Fermented melibiose 


253 Isolates 
Fermented \ Streptococcus 
sorbitol | faecalis or 
Fermented | Streptococcus 


melizitose faecalis var. 
Tolerated { liquefaciens Streptococcus 
tellurite faecium* 
Reduced | 
tetrazolium 
Lo ii sla ie ——— 
eee ee 


102 Isolates 
Gelatin liquefac- 
tion positive 
Streptococcus fae- 
calis var. lique- 
faciens 


151 Isolates 
Gelatin  liquefac- 
tion negative 
Streptococcus 
faecalis 





* 12 of the cultures demonstrated a slight a-hemolysis on 
human blood agar plates. 


TABLE 3 
Species of enterococci found in frozen meat pies listed 
in decreasing order of greatest recovery 


= 





Chicken Pies 


Turkey Pies Beef Pies Tuna Pies 





faecalis faecalis faecalis faecium 
S. faecalis S. faecalis | S. faecalis S. faecalis 
var. lique- var. lique- | var. lique- 
faciens faciens | faciens 


Streptococcus | Streptococcus | Streptococcus | Streptococcus 
| 
| 


var. lique- 
faciens | 
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were so variable that it should not be relied upon for 
the identification or separation of the organisms. Only 
S. faecalis var. zymogenes gave a consistent 8-hemolysis 
on horse blood agar whereas the other organisms varied 
in their hemolytic ability. Lake et al. (1957) stated that 
S. durans was 6-hemolytic but that this property was 
easily lost. A few of the isolates, which were later iden- 
tified as S. faecium, demonstrated a slight a-hemoly- 
sis on sheep blood agar plates only. 

Streptococcus faecalis var. liquefaciens was separated 
from S. faecalis on the basis of the ability to liquify 
gelatin. Of the 307 isolates, 102 demonstrated the 
production of gelatinase and were classified as S. fae- 
calis var. liquefaciens. 

A number of investigators (Skadhauge, 1950; Shat- 
tock, 1955; Ingram and Barnes, 1955; Barnes, 1955; 
Lake et al., 1957; Farraro, Appleman, and Severens, 
1958; Keruluk and Merritt, 1958) have presented data 
for the reintroduction of the species S. faecium (Orla- 
Jensen, 1943) as a species separate from S. faecalis and 
its varieties S. faecalis var. zymogenes and S. faecalis 
var. liquefaciens. 

Streptococcus faecalis and its varieties were separated 
from S. faecium by the fermentation reactions of arab- 
inose, melibiose, and sorbitol, the lack of tolerance to 
0.04 per cent potassium tellurite in blood agar and the 
reduction of tetrazolium (2,3 ,5-triphenyltetrazolium 
chloride) in a special phytone medium. The enterococci 
which were isolated in this study and streaked on the 
surface of the phytone-tetrazolium medium produced 
variable reduction of the tetrazolium salt. The colonies 
varied from a bright red to colorless. The bright red 
colonies (complete reduction) were later identified as 
S. faecalis; the violet (partial reduction) to colorless 
(no reduction) were always tellurite sensitive and were 
identified as S. faecium. These results are in agreement 
with findings of Ferraro et al. (1958). 

The order of frequency of occurrence of the identified 
enterococci was tabulated under the different frozen 
meat pies manufactured by various processors. The 
results are recorded in table 3. The examination of the 
results indicates that the tuna meat pies were the only 
meat pies from which S. faecium could be isolated. 
Canned tuna is used in the manufacture of frozen tuna 
meat pies and the product is heat processed. Therefore, 
the occurrence of S. faecium might well be a contam- 
inant which was introduced at the time of preparation 
of the tuna for the meat pies. However, additional 
investigations must be conducted to substantiate these 
findings. 


SUMMARY 


A total of 307 isolates of enterococci was obtained 
from frozen chicken, turkey, beef, and tuna meat pies 
manufactured by various processors. All isolations were 
made from the highest dilution of ethyl violet azide 


K. KERELUK 


faecalis, Streptococcus faecalis var. 


[VoL 7 


broth tubes demonstrating a positive test in the \[ost 
Probable Numbers method. All of the isolates met the 
requirements of the classification for enterococc: as 
described by Sherman in his monograph of 1937. lach 
isolate was identified. There were no isolates which were 
identified as Streptococcus durans or Streptococcus 


faecalis var. zymogenes. The bacteria of the enterococcus 


group isolated from various frozen meat pies are listed 
in decreasing order of greatest recovery: Streptococcus 
liquefaciens, and 
Streptococcus faecium. 

This investigation also supports the view that S, 


faecium is a separate and easily identifiable species of 


enterococci and should have separate individual status 
from that of S. faecalis. 
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With the wide consumer acceptance of frozen foods, 
the question of bacterial survival at low temperatures 
has become important from a sanitary and_ public 
health viewpoint. A great number of workers have 
investigated the survival of microorganisms at low 
temperatures. Hucker (1954) found that bacterial flora 
in snap beans and lima beans remained viable at freez- 
ing storage of 0 F for 2 to 12 years. An extensive study 
by Jones and Fabian (1952) on the viability of bacteria 
isolated from fruits and vegetables showed that the 
number of bacteria was reduced by freezing; and 
species of Micrococcus and Flavobacterium predominated 
in the frozen product. The numbers of Escherichia colt, 
whether suspended in distilled water or sucrose, showed 
reductions after 6 weeks’ storage at 0 I. 

The survival of Escherichia coli inoculated into ex- 
perimental packs of frozen orange juice was reported 
by MeFarlane (1942). He found that the initial plate 
count of 2 to 8 million #. coli per ml was reduced to 3 
per ml after 1 week of storage at 0 F. 

In an attempt to determine whether LF. coli would 
survive subfreezing temperatures, Kieth (1933) found 
that this organism died rapidly when frozen in tap 
water, but remained viable for many months when 
frozen in sherbert ice. When suspended in aqueous 
mixtures of glycerine and held at —20 F, a large portion 
of the cells remained alive for at least 6 months. 

Burton (1949) used a presumptive coliform and 
enterococcus test to examine 376 samples of commer- 
cially frozen vegetables and cantaloupe for bacterial 
contamination. The coliform bacteria were found to be 
more dependable than the enterococci for indicating 
contamination in foods prior to freezing, whereas the 
enterococci were superior indicators in the frozen foods. 

Berry (1946) using F. coli as a test indicator organism 
found the organism unreliable as the microbe died 
during storage. 

Larkin et al. (1955) has compared the viability of F. 
coli with that of the enterococci stored at 0 F for more 
than 200 days. The numbers of enterococci remained 
coustant, whereas the numbers of F. coli decreased 
significantly during storage. , 

Because of the time and temperature variability of 
the storage of commercially frozen foods and the con- 
tinued use of coliform organisms as indicators of sani- 
tation, an essential part of the present investigation 
Was to determine the effect of low temperature storage 
on the viability of large numbers of enterococci and the 





coliform group organisms over an extended period of 
time. 


METHODS AND MATERIALS 


Cultures of Escherichia coli, Aerobacter aerogenes, 
Streptococcus faecalis, and Streptococcus faecalis var. 
liquefaciens isolated from chicken meat pies were used 
in this investigation. Coliform organisms were identified 
on the basis of their appearance on eosin methylene 
blue agar plates and indole, methyl-red, Voges-Pros- 
kauer, and citrate utilization (IMVIC) patterns. The 
enterococci were identified by meeting the require- 
ments for classification as an enterococcus as specified 
by Sherman (1937). S. faecalis was separated from S. 
faecium [Orla-Jensen (1919)| on the ability of the former 
to tolerate a concentration of 1:2500 potassium tellu- 
rite in human blood agar, tetrazolium reduction (2,3, 
5-triphenlytetrazolium chloride), and fermentation 
reactions. 

Each of the organisms was grown in a flask contain- 
ing 100 ml of brain heart infusion broth for 24 hr at 
37 C. Ten ml of each culture were added to 1 L of ster- 
ile chicken gravy. The 1 L portions of inoculated 
chicken gravy containing F. coli and A. aerogenes 
were combined. One L portions of chicken gravy inocu- 
lated with S. faecalis and S. faecalis var. liquefaciens 
also were combined. The inoculated gravy containing 
ach group, coliform and enterococci, were thoroughly 
mixed and dispensed into 2-ounce sterile screw cap 
plastic bottles. The two sets of plastic bottles with the 
inoculated gravy were sampled for total count and 
then were placed in a wind tunnel at —25 F for 3 hr. 
The samples were stored at —6 F and withdrawn at 
various time intervals for bacteriological analysis. 

Bacteriological determinations. The plastic bottles 
containing the inoculated gravy were allowed to defrost 
in warm water for 10 min. An 11-g sample was removed 
and added to a 99-ml dilution blank containing 0.1 
per cent peptone water, from which subsequent dilu- 
tions were made. The Most Probable Number method 
(MPN) for the determination of coliform bacteria was 
‘arried out as follows: 1.0, 0.1, 0.01, 0.001, and 0.0001 
ml portions were placed into five replicate tubes each 
of lactose broth. After incubating for 48 hr at 35 C, all 
positive tubes of lactose broth showing the presence of 
gas were transferred to brilliant green bile broth for 
confirmation. The brilliant green bile broth tubes were 
incubated for 48 hr at 35 C. 
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An MPN described by Litsky et al. (1953) was used 
to enumerate the enterococci in which azide glucose 
broth was the presumptive broth and ethyl violet 
azide was the confirmatory broth medium. 

At intervals during freezing storage, individual 
organisms were isolated and identified to determine 
any loss of physiological properties. 


RESULTS AND Discussion 


Because of the continued use of coliform organisms 
as indicators of the sanitary quality of foods and the 
possibility that the enterococci might be better indica- 
tors of sanitation, a comparison was made of the effect 
of freezing storage (—6 F) on the longevity of the coli- 
form bacteria and the enterococci inoculated into sterile 
chicken gravy. Chicken gravy was selected as the 
substrate to simulate, as closely as possible, the condi- 
tions the organisms would encounter in a frozen meat 
pie. The results of the investigation are recorded in 
table 1. An examination of the results in table 1 indi- 
cates a steady drop in the numbers of coliform. The 
initial MPN of the coliform bacteria was 5,600,000; at 
the end of 481 days storage at —6 F, the MPN was 
66; the enterococci remained somewhat constant. The 
original MPN of enterococci was 15,000,000. After 
481 days of storage the count was still 5,000,000. 

This study substantiates the findings of Berry (1946), 
Burton (1949), and Larkin e¢ al. (1955), and points out 
that the enterococci have the ability to withstand low 
temperature storage better than do the coliform organ- 
isms. Therefore, when frozen foods that have been held 
in low temperature storage for a long period of time 
are examined for indicator bacteria of sanitary signifi- 


TABLE 1 


The effect of —6 F storage on the longevity of the coliform bacteria 
and enterococci 


Most Probable Number* 


Days in Storage 
at —6F 


Coliform 


Enterococci 

0 5,600,000 15,000,000 

7 6,000,000 | 20,000,000 
14 1,400,000 | 13,000,000 
20 | 760,000 | 11,300,000 
35 440,000 | 11,200,000 
49 | 600,000 20,000,000 
63 | 88,000 | 11,000,000 
77 | 395,000 | 15,000,000 
91 125,000 41,000,000 
119 50,000 5,400,000 
133 136,000 7,400,000 
179 130,000 5,600,000 
207 | 55,000 3,500,000 
242 | 14,000 | 4,000,000 
273 21,000 4,000,000 
289 42,000 | 3,200,000 
347 | 20,000 | 2,300,000 
410 | 8,000 1,600,000 
446 | 260 2,300,000 
481 66 | 5,000,000 





* Avg of four determinations. 
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faecalis. However, at the end of 481 days, FL. coli and 


faciens were stored at —6 F. The initial Most Probable 
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cance, the enterococci would probably demonstr:ite , 
better representation of the original bacteriolgica| 
quality than would the coliform organisms. 

The original samples contained four organism: (Ef, 
coli, A. aerogenes, S. faecalis and S. faecalis var. /iqu. 


days’ storage at —6 F the samples were examined fo: 
the number of surviving organisms. Aerobacter cero. 
genes Was present in greater numbers than LF. col7, ani 
S. faecalis var. liquefaciens was predominant over §. 


S. faecalis almost completely disappeared, whereas 4. 
aerogenes and S. faecalis var. liquefaciens still remained, 
The number of A. aerogenes that survived was small, 
66 per ml. This investigation also has indicated that, 
after a long period of storage at —6 F, A.. aero- 
genes and S. faecalis var. liquefaciens will survive longer 
than EF. coli and S. faecalis. 


SUMMARY 
Sterile chicken gravy samples inoculated with equal 
numbers of Escherichia coli, Aerobacter aerogenes, Strep- 
tococcus faecalis and Streptococcus faecalis var. lique- 


Number (MPN) of the coliform organisms was 5,600, 
000 per ml, and at the end of 481 days’ storage time 
it was 66 per ml. The initial MPN of the enterococci 
was 15,000,000 per ml, and at the end of 481 days the 
MPN was 5,000,000 per ml. The coliforms decreased 
whereas the enterococci remained relatively constant. 

Aerobacter aerogenes and S. faecalis var. liquefaciens 
were more resistant to the lower temperature storage 
than were E. coli and S. faecalis. 
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Large losses occur in cereal grains, feed ingredients, 
and mixed feeds because of the growth of molds and 
the accompanying heating (Gilman and Barron, 1930; 
Milner and Geddes, 1946a, b; Milner et al., 1947; Nagel 
and Semeniuk, 1947; and Halick and Richardson, 1953). 
Although extensive investigations are being carried out 
in several laboratories on the preservation of human 
foods by ionizing radiations, comparatively few studies 
have been made on the use of gamma rays for the in- 
activation of molds in stored grains and animal feeds. 

Yen et al. (1956) determined mold respiration on 
whole wheat which had been exposed to doses of gamma 
rays between 0.025 and 3.75 megarep. Samples of 
wheat containing 12 and 20 per cent moisture were ir- 
radiated and that which had been irradiated with 12 
per cent was adjusted to 20 per cent moisture before 
respiration of the two samples was compared. There 
was no difference in the dose range (between 0.125 and 
0.650 megarep) required to eliminate mold respiration 
in wheat that was irradiated at the two moisture levels. 
The authors concluded from these observations that 
the moisture content of wheat between 12 and 20 per 
cent was not critical for the destruction of molds by 
gamma rays. 

Snow (1949) investigated the moisture requirement 


| for the growth of 23 fungi which were isolated from 


natural materials and grown in pure cultures. The re- 
quirement for growth ranged from 64 to 93 per cent 
relative humidity. Sporotrichum, Cladosporium, Peni- 
cillium, and three species of Aspergillus grew only at 


| relative humidities above 80 per cent, whereas Mucor 


spinosus, Rhizopus nigricans, and Botrytis cinerea grew 
at relative humidities of 93 per cent and above. The 


| moisture content of ground corn corresponding to 64 


to 93 per cent relative humidities will range from 12.5 
to 23.0 per cent. 
Insects and molds are responsible for most of the 


| damage in feed ingredients during storage and, since any 


irradiation treatment that will inactivate molds will 


/ inactivate insects also, it is apparent that any process 
' used to treat grains for safe storage would have to take 
' into consideration only the inactivation of molds. Bac- 
teria do not cause important damage to grains and 
/ animal feeds because the moisture content of these 


329 


materials normally is too low to support the growth of 
these organisms. 

Studies have been carried out to determine: (a) the 
dose of gamma rays required to prevent growth of molds 
in ground corn containing different moisture contents; 
(b) the species of molds inactivated at different levels 
of gamma rays in ground corn containing different 
amounts of moisture; and (c) the changes in physical 
appearance of ground corn that was treated with vari- 
ous doses of gamma rays and then stored at room tem- 
perature for 60 to 180 days. Results of these studies are 
described in this report. 


MATERIALS AND METHODS 


Two lots of corn were used in this investigation. Lot 1 
was a sound medium flat grade of certified Texas no. 
36 hybrid yellow seed corn grown on the main farm of 
the Texas Agricultural Experiment Station in 1957 at 
College Station. It contained 11.0 per cent moisture and 
the mold plate count was 53,000 per g. Lot 2 was a 
sound yellow corn which was purchased from a local 
feed dealer in August 1958. It contained 10.2 per cent 
moisture and the mold count was 183,000 per g. There 
was no spoilage in either lot during storage. A quantity 
of each lot, sufficient for the tests described in this re- 
port, was ground and stored at ambient temperature 
until used. The term “corn” in the remainder of this 
report is limited to “ground corn.” 

The corn was adjusted to contain definite amounts of 
moisture by direct addition of a calculated amount of 
water. After thoroughly mixing, the corn at each mois- 
ture level was placed in a covered container and al- 
lowed to stand in a cold room at 7 C for 24 hr to equili- 
brate the mixture. The equilibrated corn was sealed in 
polyethylene food bags and each bag which contained 
approximately 275 g of corn was sealed in a no. 2 plain 
tin can. The sealed cans were packed in Dry Ice in a 
canvas packer and shipped to the Materials Testing 
Reactor, Idaho Falls, Idaho, where the samples were 
treated at the different dose levels of gamma rays. 
After irradiation the cans were repacked in the canvas 
packers with Dry Ice and returned to the laboratory. 

Two tests were carried out with the corn from lot 1. 
In the first test, corn containing 15.5 and 22.0 per cent 





moisture was treated at both moisture levels with 
gamma rays at levels of zero, 0.01, 0.025, 0.050, 0.10, 
1.00, and 2.79 megarad.! The second test with lot 1 
corn was run to determine more precisely the dose range 
required to inactivate the molds. In this test, four lots 
of corn containing 13.5, 15.5, 18.5, and 22.0 per cent 
moisture were each irradiated with zero, 0.10, 0.25, 
0.50, 0.75, 1.00, and 2.79 megarad of gamma rays. 

A third test was carried out with the corn of lot 2. 
Four batches of this corn were adjusted to contain 12.5, 
16.5, 19.0, and 23.0 per cent moisture, respectively. 
Each batch was treated with zero, 0.10, 0.25, 0.35, 0.50, 
0.75, 1.00, and 2.79 megarad of gamma rays. 

After irradiation, lot 1 corn was stored in the sealed 
plastic bags at ambient temperature, and observations 
were made daily for the appearance of molds. Mold 
counts were made by a modification of the method de- 
scribed by Bottomley et al. (1952). Potato-dextrose agar, 
adjusted to a pH of 3.5 with tartaric acid, was substi- 
tuted as the culture medium instead of the malt-salt- 
boric acid agar as recommended by the above authors. 

The samples in the third test, lot 2 corn, were divided 
into two portions in each treatment. One portion was 
stored at —10 C and the other portion was stored at 
ambient temperature. The number of molds and 
identity of the species which survived each treatment 
were determined immediately on samples stored at 
—10 C. Approximately 8 weeks were required to make 
these determinations in duplicate. The other portion of 
the samples was stored at room temperature approxi- 
mately 10 weeks before the number and species of 
molds, which developed on the samples during storage, 
were determined. 


RESULTS 


Growth of molds in irradiated corn stored at ambient 
temperature. In the first test, all samples containing 15.5 
and 22.0 per cent moisture which had received 0.01 to 
0.10 megarad of gamma rays molded regardless of the 
moisture content. No molds developed on the samples 
which had received 1.0 and 2.79 megarad. These ob- 
servations showed that a dose between 0.10 and 1.0 
megarad of gamma rays was required to inactivate the 
molds on the corn, and a second test was therefore run 
to narrow the dose range required. 

The time required for molds to appear in the second 
test with lot 1 corn containing different amounts of 
moisture and treated with various doses of gamma rays 
and stored at ambient temperature is summarized in 
table 1. When treated with 0.10 megarad, the time was 
the same as that required in nonirradiated corn con- 
taining the same amount of moisture. With a dose of 
0.25 megarad and above, there was no growth in the 


1 Rad = an ionizing radiation unit corresponding to an ab- 
sorption of energy in any medium of 100 ergs per g (1 rad in 
tissue = 100/93 rep). 
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corn containing 13.5 or 15.5 per cent moisture, but with 
corn containing 18.5 per cent moisture 0.75 megurad 
was required to prevent growth and with that cont:in- 
ing 22.0 per cent moisture 1.0 megarad was required 

There was no visible growth of molds with 13.5 or 
15.5 per cent moisture after 6 months of storage at 
ambient temperature and the data in table 2 show that 
the plate count was less than 2000 colonies per g when 
the corn was treated with 0.25 megarad. Since the plate 
count on the original corn was 53,000 colonies per g, the 
difference between this amount and that obtained after 
storage probably represents the molds killed by the 
irradiation process. In general, the number of colonies 
increased at a given irradiation dose with the amount of 
moisture in the sample. For example, with a dose of 
0.10 megarad, the plate count of the corn with: 13.5 
per cent moisture was 51 X 10* colonies per g, and of 
that with 22.0 per cent moisture it was 900 X 10 
colonies per g. 

It was assumed that the number of viable molds in 
the corn with 18.5 and 22.0 per cent moisture was 2000 


TABLE 1 
Time required for the first visible evidence of mold growth when 
corn (lot 1) containing different amounts of moisture was 
treated with various doses of gamma rays and stored at 
ambient temperature 


Days for Molds to Appear on the Corn at Per Cent 
Moisture Indicated 


Dose 
13.5% 15.5% 18.5% 22.0% 
megarad 
None 19-22 17-20 5-6 6 
0.1 18-25 20-21 4-6 6 
0.25 NG* NG 5 5 
0.50 NG NG 6 5 
0.75 NG NG NG 5 
1.0 NG NG NG NG 
2.79 NG NG NG NG 


* NG = no visible mold growth at any time during storage. 


TABLE 2 
Mold counts in corn from lot 1 containing different amounts of 
moisture and receiving various doses of gamma rays* 


Mold Count X 10-4 per Gram at Per Cent 
Moisture Indicated 


Dose 7 ae nes 
13.5% 15.5% 18.5% 22.0% 

megarad 7“ i 7 
None 55.0 97.0 89.0 1200.0 
0.10 51.0 94.0 920.0 900.0 
0.25 <0.2 <0.2 47.6 39.2 
0.50 <0.2 <0.2 17.8 55.6 
0.75 <0.2 <0.2 <0.2 39.2 
1.00 0 0 0 0 
2.79 0 0 0 0 


* Counts were made after corn had been stored at ambient 
temperature 6 months. Mold count in the original corn (lot 1) 
was 53,000 per g. 
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or less immediately after irradiation, and that they grew 
during storage because the corn contained enough 
moisture to meet their requirement for growth. These 
observations indicate that the species which require a 
high moisture for growth are also the most resistant 
species to gamma radiation. 

Photographs showing growth of molds and the ap- 
pearance of the corn containing 15.5 (top) and 22.0 
(bottom) per cent moisture after it was treated with 
various doses of gamma rays and stored at ambient 
temperature for 6 months are given in figure 1. 

There was no mold growth in any of the samples 
containing 15.5 per cent moisture, but extensive growth 
occurred in those containing 22.0 per cent moisture 
when the dose was 0.50 and 0.75 megarad. No growth 
occurred in samples containing 22.0 per cent moisture 
which had received 1.0 and 2.79 megarad but, after 2 
months of storage, samples containing 22.0 per cent 
moisture began to turn dark, and at 6 months those 
treated with 2.79 megarad were very dark brown. This 
change was more pronounced with 2.79 megarad than 
with 1.0 megarad. There appeared to be some bleaching 
of the xanthophylls, but there was no browning in the 
corn containing 15.5 per cent moisture at these high 
dose levels. 

Number of molds present immediately after irradiation. 
The plate count in lot 2 corn immediately after irradia- 
tion and the per cent destroyed at various moisture 
levels and at difference doses of gamma rays are sum- 
marized in table 3. When the corn contained 12.5 per 
cent moisture, over 90 per cent of the molds were in- 
activated with a dose of 0.10 megarad, and when it 
contained 23.0 per cent moisture approximately 99.0 
per cent were inactivated by the same dose. When the 


600,000 RAD. 750.000 RAD. 
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dose was 0.50 and 0.75 megarad, the plate count was 
less than 100 colonies per g at each moisture level. A 
few molds survived 1.0 megarad at 12.5 per cent mois- 
ture, but all molds were inactivated when the moisture 
was 16.5 per cent or above at the same dose level. All 
molds were destroyed at 2.79 megarad regardless of the 
moisture content at which they were irradiated. These 
data show that molds, as in the case of bacteria, are 
more resistant to irradiation in the dry state than in the 
wet state. 

The second portion of lot 2 corn containing 16.5 per 
cent moisture and treated with 0.50 megarad had no 
visible mold growth when stored at ambient tempera- 
ture for 10 weeks. However, when the moisture was 
19.0 and 23.0 per cent, molds appeared in 6 days and 
the growth was very extensive at 21 days. These obser- 
vations indicate that the molds which were resistant to 
high doses of gamma rays also have a high moisture 
requirement. 

Species of molds identified immediately after irradia- 
tion. The microflora identified in the original corn of 
lot 2 were six species of molds and numerous bacterial 
species. No attempt was made to identify the various 
bacteria present. The molds identified were Alternaria 
sp., Aspergillus flavus, Aspergillus niger, Aspergillus 
terreus, Hormodendrum sp., Penicillium sp., Rhizopus 
nigricans, and Verticillium sp. A. flavus and A. niger 
were by far the most numerous molds present in the 
original corn. 

The effect of various doses of gamma rays on the 
different mold species in corn containing different 
amounts of moisture is summarized in table 4. The 
dose required to destroy R. nigricans was more de- 
pendent on the moisture content of the corn than any 
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Figure 1. Growth of molds and the appearance of ground corn containing 15.5 (top) and 22.0 (bottom) per cent moisture after it 


Was treated with various doses of gamma rays and stored 6 months at ambient temperature. 
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TABLE 3 
Mold count and per cent of molds destroyed in corn (lot 2) containing different amounts of moisture, 
immediately after treatment with gamma rays* 
Moisture 
Dose 12.8% 16.5% 19.0% 23.0% : 
Mold count Destroyed Mold count Destroyed Mold count Destroyed Mold count Destroyed : 
megarad no./g % is ~ a" = i % ra ay ‘e 7" % penny aia anna % 7 
None | 183,000 183,000 183,000 183,000 
0.10 | 16,000 91.3 11,500 93.7 3,000 98.4 2,400 98.8 
0.25 8,400 95.4 7,300 96.0 1,100 99.4 600 99.7 
0.35 | 300 99.8 300 99.8 <100 99.9 <100 99.9 
0.50 <100 99.9 <100 99.9 <100 99.9 <100 99.9 
0.75 <100 99.9 <100 99.9 <100 99.9 <100 99.9 
1.00 <100 99.9 0 100.0 0 100.0 0 100.0 
2.79 | 0 100.0 0 100.0 0 100.0 0 100.0 
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* Counts were made immediately after the irradiation treatment. 





TABLE 4 


Dose of gamma rays required to destroy individual 





Species of Aspergillus 
Alternaria sp. 


Dose A, niger 


A* | B Cc D 


megarad 
None | + 
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0.25 | + 
35 | — 
50 _ 
75 | — -| -| -| -| - 
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* Per cent moisture in ground corn: A 
+ — = Colonies of the species indicated did not develop. 


other mold species. For example, it was completely 
destroyed by treatment with 0.25 megarad when the 
moisture content was 23.0 per cent, but some spores 
survived 1.0 megarad when the moisture content of the 
corn was only 12.5 per cent. Alternaria sp., A. niger, 
and A. terreus were destroyed by 0.35 megarad at every 
moisture level. A. flavus was destroyed by 0.50 megarad 
at every moisture level. Some species of Penicilliwm 
survived 0.75 megarad at every moisture level, but none 
survived 1.0 megarad. 

The dose of gamma rays required to inactivate the 
species of Aspergillus noted in this report agrees with 
that obtained by Bridges et al. (1956) who used cathode 
rays. However, these authors reported that Penicillium 
camemberti and Penicillium notatum were inactivated 
by 0.14 and 0.22 megarep respectively. The data in 
table 4 show that some species of Penicillium noted in 
this study survived 0.75 megarad. The difference be- 
tween the results reported by Bridges et al. and those 
obtained in this investigation may be due to the number 


A, terreus 





molds in corn containing different amounts of moisture 


Penicillium Rhizopus Verticillium 
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= 12.5 per cent; B = 16.5 per cent; C = 19.0 per cent; and D = 23.0 per cent. 


of spores present originally or to some species of Peni- 
cillium that were more resistant to gamma radiation 
than other species. 
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SUMMARY 


The doses of gamma rays required to inactivate molds 
in ground corn containing different amounts of mois- 
ture were investigated. When the moisture content was 
15.5 per cent and below, corn treated with 0.25 mega- 
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rad was safe from the growth of molds during storage. 
When the moisture content of the corn was increased 
to 16.5 per cent a dose of 0.5 megarad was required, and 
corn containing moisture contents of 18.5 and 22.0 
per cent required 0.75 and 1.0 megarad, respectively, 
to prevent growth of molds during storage. 

Molds which grew at high moisture levels were more 
resistant to gamma radiation than those which grew at 
low moisture levels. Alternaria sp., Aspergillus niger, 
and Aspergillus terreus were killed in corn containing 
12.5, 16.5, 19.0, and 23.0 per cent moisture with a dose 
of 0.35 megarad of gamma rays, whereas Hormodendrum 
sp. and some species of Penicillium and Verticillium 
survived a dose of 0.75 megarad in corn containing the 
same amount of moisture. Some species of Hormoden- 
drum and Verticillium, and Rhizopus nigricans survived a 
dose of 1.0 megarad in corn containing 12.5 per cent 
moisture, but FR. nigricans was inactivated in corn 
containing 23 per cent moisture with only 0.25 mega- 
rad. 

The results show that corn may be made safe from 
the growth of molds by gamma radiation and the dose 
required depends on the amount of moisture in the corn. 

REFERENCES 
BottoMLEY, R. A., CHRISTENSEN, C. M., AND GEDDEs, W. F. 


1952 Grain storage studies. X. The influence of aeration, 








INHIBITION OF MOLDS 












BY GAMMA RADIATION 333 





time, and moisture content on fat acidity, nonreducing 


sugars, and the mold flora of stored yellow corn. Cereal 
Chem., 29, 53-64. 
BripGes, A. E., Oxivo, J. P., anp CHANDLER, V. L. 1956 


Relative resistance of microorganisms to cathode rays. 
II. Yeasts and molds. Appl. Microbiol., 4, 147-149. 

GitmaNn, I. D. anp Barron, D. H. 1930 Effect of molds on 
temperature of stored grain. Plant Physiol., 5, 565-573. 

Hauick, J. V. anp Ricuarpson, L. R. 1953 Influence of 
moisture on heating in feeds. Texas Agr. Expt. Sta. 
Bull. No. 768. 

Miner, M., CurisTENSEN, C. M., anp GeppEs, W. F. 1947 
Grain storage studies. VI. Wheat respiration in relation 
to moisture content, mold growth, chemical deterioration, 
and heating. Cereal Chem., 24, 182-199. 

MILner, M. anp GeppEs, W. F. 1946a Grain storage stud- 
ies. III. The relation between moisture content, mold 
growth, and respiration of soybeans. Cereal Chem., 23, 
225-247. 

MILNER, M. aNp GeEppEs, W. F. 1946b Grain storage stud- 
ies. IV. Biological and chemical factors involved in the 
spontaneous heating of soybeans. Cereal Chem., 23, 449- 
469. 

NaGEL, C. M. aNnp SEMENIUK, G. 1947 Some mold induced 
changes in shelled corn. Plant Physiol., 22, 20-33. 

Snow, D. 1949 The germination of mould spores at con- 
trolled humidities. Ann. Appl. Biol., 36, 1-13. 

Yen, Y.-C., MILNER, M., anp Warp, H. T. 1956 Treatment 
of wheat with ionizing radiation. II. Effect on respira- 
tion and other indices of storage deterioration. Food 
Technol., 10, 411-415. 


Repetitive Mutagenic Treatment and Mass-Culturing of 


Microorganisms—Observations on 


Penicillium chrysogenum 


M. L. N. SASTRY AND M. R. S. TLYENGAR 


Microbiological Research Laboratory, Alembic Chemical Works Company, Limited, Baroda, India 


Received for publication May 7, 1959 


Mass-culturing of microbial cells immediately follow- 
ing mutagenic treatment has been used in mutant 
recovery procedures with various microorganisms. Thus, 
in the isolation of Escherichia coli mutants using peni- 
cillin, mass-culturing of irradiated cells on a complete 
medium is necessary to be able to recover the mutants. 
This intermediate step was considered necessary by 
Davis (1948) to permit exhaustion of enzyme molecules 
formed by the gene prior to its mutation, and by Leder- 
berg (1950) to permit nuclear segregation. Nuclear or 
gene segregation and other causes for the delayed ap- 
pearance of mutants in bacteria have been discussed 
earlier by Newcombe (1953), Demeree and Cahn (1953), 
and Ryan (1955). 

More recently, Saito and Ikeda (1957) similarly mass- 
cultured the ultraviolet (UV)-irradiated condidia of 
Streptomyces griseoflavus on a complete medium for 
one life cycle, and recovered the mutants by filtration 
and replica-plating techniques. This resulted in a 
marked augmentation of the frequency of mutant 
recovery from 0.1 to 1.0 per cent. Here, too, segregation 
delay was considered the most possible cause for this 
increase. It is only sufficient to mention here that, in 
work with induced mutations of microorganisms, a 
single mass-culturing after the mutagenic treatment and 
subsequent selection helps in the recovery of a greater 
number of mutants than is possible otherwise. 

This report deals with results obtained by us in a 
study of the frequency of morphological mutations in 
Penicillium chrysogenum by a procedure involving al- 
ternate mass-culturing and mutagenic treatment in a 
repetitive manner. Multiple irradiation using graded 
dosages of UV has been used for the selective isolation 
and quantitation of naturally occurring radiation-resist- 
ant mutants in populations of the B strain of E. coli 
(Witkin, 1950). In the latter case, multiple irradiation 
served as a convenient ‘filtration’ procedure for frac- 
tionating radiation-resistant and -sensitive cells. When 
our work was completed, our attention was drawn to 
the work of Clark and Webb (1957) who had used an 
experimental procedure similar to ours, and in which 
each successive X-irradiation was followed by two life 
cycles of the organism. The objective of this study was 
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the determination of the ploidy of microorganisms using 
relative sensitivity of successive clones to X-irradiation 
as the differentiating criterion. Very lately, Wichterman 
(1959), using an identical X-irradiation procedure in 
Paramecium multimicronucleatum, observed that. the 
procedure resulted in mutations which were deleterious 
to the race. 


EXPERIMENTAL METHODS 


The culture of P. chrysogenum was a strain derived 
from Wisconsin Q176 by a series of UV irradiations 
and selections. When UV-irradiated conidia of this 
culture were plated, white colonies appeared with « 
certain frequency. There were two broad types among 
these white colonies. In one type, after continued incu- 
bation of the colony for over 2 weeks, traces of sporula- 
tion showed up in some part of the colony. Though the 
colour of the spores so produced in these colonies varied 
considerably from that of the parent, such colonies 
reverted to the parent type on subsequent transfer. Ii 
the second type, the colonies remained white even on 
prolonged incubation. In sequential transfers they 
underwent further changes in morphology, but remained 
distinctly different from the parent type. This second 
type, designated the ““‘WV” (white to variegated) type, 
was considered to represent the first step in mutational 
changes to “variegated forms,’’ much as in the work oi 
Newcombe (1955) on Streptomyces sp. Hence the WY 
colony was selected to score the frequency of mutation. 
Use was made of the WV type because of an additional 
desirable characteristic. The majority of these colonies 
were nonsporulating and the rest sporulated extremely 
feebly after long incubation. Because of this nature and 
the fact that only spores collected from the 10-day-oll 
mass culture were always used in the subsequent I- 
radiation procedure, this type of colony could be ex- 
pected to show a tendency to be eliminated at eacl 
stage of mass culturing. Experimentally, no WV typ 
colonies were found in platings of conidia from mas 
cultures made immediately after the first and second 
irradiation, just as from conidia of the unirradiated 
original control, confirming the validity of our suppo- 
sition. 





1959} 


In \ 
of fles 
rapidh; 
the W 
from t 
(1954) 

The 
of a 7 
distille 
the sui 
bits, a 
Electr: 
proced 
varied 
cent k 
culture 
at roo 
this fit 
mass-¢ 
culture 
the im 
comple 

1 The 
Backus 
(Difco) 
Detroit 

2 Atl: 


7 


= 

' 
4 
T 


Nos of WV type mutante< 
@ 
4 
T 





Fiqu 


type mu 
Mrradiati 
——F 
e e 








— 


; using 
iation 
erman 
ure in 
it, the 
erious 


lerived 
ations 
ft this 
with a 
among 
1 incu. 
porula- 
ih the 
varied 
olonies 
fer. In 
ven ol 
; they 
mained 
second 
) type, 
ational 
vork of 
ne W\ 
tation. 
litional 
olonies 
remely 
ire and 
lay-old 
lent. it- 
be ex 
it each 
V type 
mn mas 
second 
adiated 
suppo- 


1959} 


In view of its characteristics, which included the lack 
of flesh colour and the absence of a tendency to sector 
rapidly as described for the ‘‘A”’ type colony, we believe 
the WV type represents 2 morphological entity different 
from the colony types described by Stauffer and Backus 
(1954). 

The general procedure consisted in harvesting conidia 
of a 7- to 10-day culture of P. chrysogenum! in sterile 
distilled water containing a trace of Tween 80,? filtering 
the suspension to remove clumps of conidia and hyphal 
bits, and treating it with UV-radiation from a General 
Electric 15 watt germicidal lamp using conventional 
procedures (Pontecorvo, 1953). The exposure time was 
varied between 2 to 5 min to give about 65 to 99 per 
cent kill. The irradiated conidia were directly mass- 
cultured into flasks of complete medium and incubated 
at room temperature for 10 days. The conidia from 
this first mass culture were harvested, irradiated, and 
mass-cultured as before. Conidia from the second mass 
culture were also similarly irradiated, but in this step 
the irradiated suspension was direetly plated on the 
complete medium so as to give well-separated colonies 


‘The medium used was honey peptone agar (Stauffer and 
Backus, 1954) supplemented with 0.2 per cent yeast extract 
(Difeo) and 0.3 per cent Casitone (Difco Laboratories, Inc., 
Detroit, Michigan). 

2 Atlas Powder Company, Wilmington, Delaware. 
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Figure 1. Relative incidence of white to variegated (WV) 
type mutants in the control and final mass cultures after UV- 
itradiation. Survival of conidia: A——A, control culture; 
0 O, final mass culture. Percentage of WV type mutants: 
®— -@, control culture; O O, final mass culture. 
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at the end of 2 days of incubation at 24 C. Individual 
colonies were then transferred to slants of the complete 
medium and observed over a period of 2 weeks or more 
to note the incidence of WV type colonies. Conidia from 
the unirradiated original culture, as well as from the 
first and second mass cultures after irradiation, were 
similarly plated out to serve as controls. The conidia 
plated out immediately after one irradiation consist- 
ently showed 5 to 10 per cent WV type colonies at UV 
dosages corresponding to the kills mentioned earlier. 
The results thus obtained for both the first and the final 
irradiations showed that repetitive mutagenic treatment 
and mass-culturing of cells led to a marked increase in 
the frequency of morphological mutations (figure 1). 
That this could not have been due to the accumulation 
of the WV mutant obtained at each stage was evident 
from the nature of this type of colony and its absence 
from platings of conidia obtained after each mass trans- 
fer, as discussed earlier. Rather, it was due to the 
increase in the number of mutations per se. This in- 
crease in the incidence of mutations was also noted 
qualitatively. A remarkably greater range of colour and 
growth habit mutants was obtained by the repetitive 
procedure as compared to that from direct platings of 
conidia from single irradiations in the conventional 
manner. 

Related investigations still in progress in this labora- 
tory on mutation to streptomycin resistance in E. coli 
strain B/r induced by UV irradiation have shown 
similar quantitative increases in the frequency of 
streptomycin-resistant mutants in successive steps of 
the repetitive procedure. 

DIScUSSION 

The surviving population after an irradiation or other 
mutagenic treatment of a population of microbial cells 
represents a genetically more heterogeneous or poten- 
tially more heterogeneous population because of the 
induced mutations. Mass-culturing of such a popula- 
tion on a complete medium results in the total recovery 
of all nutritionally deficient mutants unless complicat- 
ing factors (Foster, 1951) are operating in any particu- 
lar case. Further, during the growth of each element of 
the survivor population on the complete medium, there 
is an opportunity for the expression of delayed mutants. 
In other words, conidial population from such a mass 
culture presents a genetic material of an increasingly 
wider variety for the next irradiation or mutagenic 
treatment. Due to the recurrence of this phenomenon 
at each step, the build-up of mutants, both with re- 
gard to numbers and variety, may be expected to be 
very high after a few repetitive treatments. The results 
obtained lend support to this concept. 

It has been observed elsewhere (Bryson and David- 
son, 1951) that mutation at one locus could accelerate 
the chances of the occurrence of another mutation which 








would otherwise occur independently but at a lower 
rate. If this is true for all systems, then the method used 
here should have the added potentiality of producing a 
still greater number of mutations than would be possi- 
ble otherwise, particularly where different mutagenic 
agents affecting different loci to different degrees are 
used. 

Among factors which should be considered in evaluat- 
ing this method are heterokaryosis, diploidization (in 
particular, that induced in heterokaryons by mutagenic 
treatment), and back mutation. The frequency of anas- 
tomoses and subsequent heterokaryon formation de- 
pends upon the strain or strains of fungi involved and 
the presence of other favourable conditions (Ishitani 
and Sakaguchi, 1956). Generally, the frequency of heter- 
okaryosis may be expected to be low on a complete 
medium. Secondly, in fungi like P. chrysogenum with 
uninucleate conidia, even if heterokaryosis were to oc- 
cur, there would be segregation during the formation 
of conidia; thus, heterokaryosis cannot be expected to 
produce any effects. In fungi with multinucleate conidia, 
if heterokaryosis were to occur to any extent, it would 
lead to the formation of heterokaryotic conidia. When 
such heterokaryotic condia are subjected to mutagenic 
treatment, as with UV light (Ikeda et al., 1957), a higher 
incidence of heterozygous diploid formation could re- 
sult. During further growth and irradiation, these dip- 
loids could undergo segregation and in the process pro- 
duce a number of somatic recombinants (Pontecorvo, 
1953; Pontecorvo and Sermonti, 1954; Ikeda et al., 
1957). If anything, in these fungi, this could have the 
effect of making the genetic background of the 
conidia from the last mass culture even wider and, 
therefore, the range of possible mutants in the final mu- 
tagenic treatment also still wider. 

Back mutation in the second and subsequent repeti- 
tive treatments could produce some interfering effect if, 
for any reason, its rate happened to be high under the 
conditions used. 

Although the method as used by us gives a very wide 
range of morphological and perhaps biochemical mu- 
tants, its value in any screening procedure for higher 
metabolite-yielding organisms will depend upon the 
extent of operation of the factors outlined. In particular, 
it will depend upon the back mutation rate at each step 
and its possible accumulation in the final sample. If 
even a small but significant decrease in yield can be 
considered to be the result of a back mutation involving 
the revival of a shunt mechanism at any one of the 
several points of a plausible scheme of events, such as 
the one put forward by Dulaney (1954), the proportion 
of these back mutants in any treated population may be 
said to be generally high. Repetitive procedure in such 
a ease would lead only to a very large accumulation of 
poor yielders in the final sample and make the screening 
for higher yielders inconvenient if not entirely unprofit- 
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able. However, where the aim is to obtain the \ idest 
range of morphological mutants for morphogene' ic or 
other studies and single as well as multiple auxotrophs 
or other types of deficient mutants of microorganisms 
or cell lines, the method is likely to be useful. In such 
work, the problem outlined above would not exist. A 
suitable “filtration”? method in the final step to recover 
the wide variety of other mutants would eliminate the 
back mutants and the wild-type population. 
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SUMMARY 

A procedure involving alternate mutagenic treatment 
and mass-culturing of cells in a repetitive manner has 
been used to study mutations in Penicillium chryso- 
genum. 

The relative frequency and variety of morphological 
mutants of P. chrysogenum obtained by this method 
have been found to be markedly greater than in the 
conventional methods of ultraviolet irradiation and 
subsequent handling. 

The possible advantages of the method in mor- 
phological and physiological work involving the produec- 
tion of mutants have been discussed. 
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The origin of the impinger-type, liquid-collection, 
aerosol sampler for bacteria is obscured by cooperative 
efforts of numerous laboratories between 1939 and 
1946. Its development into an effective instrument for 
general use in sampling air for bacterial content cannot, 
therefore, easily be attributed to a few individuals. To 
date, its attributes and deficiencies have not been made 
widely known. The studies reported here, performed 
between 1948 and 1952, may lay the groundwork for 
publication of other and later developments in sampling 
air for bacteria, and for much needed additional study. 

The bacteriological literature is replete with reports 
of techniques for sampling air; no modern review is 
available. Unquestionably the greatest handicap in 


testing aerosol samplers is the difficulty, if not impossi- 


bility, of determining the absolute performance; no 
accurate independent criteria exist for establishing the 
expected aerosol concentration. Reliance has been 
placed on comparative evaluations, with use in a few 
instances of such stable materials as chemicals or bac- 
terial spores as tracers. duBuy et al. (1945) published 
the most effective comparative evaluation of samplers 
available to date; it contained no mention of the im- 
pinger sampler. Rosebury (1947) reported using an 
impinger sampler but the data given were not convinc- 
ing proof of its merits. Wells’ recent (1955) summary 


‘Present address: Department of Bacteriology, University 
»of Florida, Gainesville, Florida. 

? Present address: Knoxville Branch Laboratory, Knoxville, 
‘Tennessee. 


of sampler performance dismissed the liquid impinger 
sampler with the erroneous assumption that, at near- 
sonic acceleration, ‘‘a high velocity jet cannot ‘impinge’ 
on a yielding liquid surface;...and many particles 
pass with the air stream.’”’ He rated the Wells’ air 
centrifuge as the best available sampler, and at the 
same time admitted the correctness of Phelps and 
Buchbinder’s (1941) rigorous physical and experimental 
proof of its inadequacy for small droplet nuclei. Bour- 
dillon (1948), whose summary of the physical properties 
of aerosols and samplers seems the most excellent, relied 
largely on opinion and a priori reasoning in rejecting 
liquid impingers as against agar impingers. duBuy 
et al. (1945) presented data that the bead bubbler 
(Wheeler et al., 1941) was about twice as efficient as the 
sieve sampler, yet they disclaimed the importance of 
this difference. 

Samplers with particular, although limited, merits 
have been reported. Examples are (a) sedimentation 
types: open Petri dish and Wells’ air centrifuge (Wells, 
1933); (b) filtration types: aeroscope (Rettger, 1910), 
sand tube (Anon, 1942), cotton filter (McConnell and 
Thomas, 1925), and molecular filter (Goetz, 1953); (c) 
air washing types: water aeroscope (Rettger, 1910), 
bead bubbler (Wheeler et al., 1941), atomizer bubbler 
(Moulton et al., 1943), and Folin-Lemon bubbler 
(Lemon, 1943); (d) agar impingement types: funnel 
device (Hollaender and DallaValle, 1939), slit type 
(Bourdillon et al., 1941), and sieve device (duBuy and 
Crisp, 1944); (e) electrostatic deposition types: Berry 
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funnel precipitator (Berry, 1944) and the electrostatic 
precipitator (Luckiesh et al., 1946a, b). An impingement 
device with some new features has recently been de- 
seribed (Anderson, 1958). 

Liquid impingement samplers probably owe their 
origin to the Greenburg-Smith sampler (Greenburg and 
Smith 1922) devised for dust sampling. The ‘Porton’ 
impinger (Henderson and Woods, 1942) and its con- 
temporary and successor devices, the ‘standard im- 
pinger”’ (figure 1), the ‘‘all-glass impinger” (figure 2), 
and the “capillary impinger”’ (figure 3) operate on the 
principle of drawing air through an inlet tube having 
a limiting capillary orifice through which particulate 
matter in the air is “impinged” into liquid at a speed 
approximating the sonic. This effects formation of tiny 
air bubbles, and presumably accelerates particles to 
sufficient speed to cause deposition in the liquid. Simul- 
taneously, the capillary serves as a limiting orifice which 
gives a gas flow rate nearly independent of differential 
pressure between one-half and one atmosphere, elimi- 
nating extrinsic flow regulation. Different flow rates 
may be achieved by appropriate adjustment of the bore 
and length of capillary. 

The sampler most appropriate for particular purposes 
depends upon the application. Certain general charac- 
teristics are desirable in each, although perhaps not as 
uniformly as indicated by Luckiesh et al. (1946b). Any 
one or more of the following features might be sub- 
ordinated to others to achieve particular ends: (a) 
efficient removal of all living microorganisms; (b) collec- 











Figure 1. Standard impinger 


SHIPE [Von 7 
tion conducive to quantitation, that is, minimal or yo 
destruction nor physical loss in or from the sampler: 
(c) ready sterilization; (d) relatively small air voiume 
required; (e) fixed or readily regulated air flow: (f) 








Figure 2. All-glass impinger 








Figure 3. Capillary impinger 
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sampler size and construction conducive to collection 
of numerous replicate samples; and (g) a full record of 
available data on pertinent physical and_ biological 
parameters. 

Data will be presented here upon which an evaluation 
of the liquid impinger sampler may be made, as com- 
pared only to other liquid samplers. Tests were per- 
formed by spraying suspensions of bacteria into a small 
tubular unit continuously, the exhaust air being filtered; 
or into a closed chamber in which the aerosol was 
thoroughly mixed by fans. Samplers were located so 
that each received air directly from the aerosol as a 
yacuum pump produced reduced pressure at the sam- 
pler exhaust tube. Aerosol concentrations were rela- 
tively high in most tests, ranging from a few thousand 
toa few million bacteria per L of air. The logical con- 
clusion of these studies was that the all-glass impinger 
(AGI) was superior to the other liquid samplers tested 
in most respects, and compared very favorably in 
“absolute” efficiency with the best 


sampler, the cotton collector. 


available total 


MATERIALS AND METHODS 


Bacterial Suspensions 


One or both of two bacteria were used as test agents: 
Bacillus globigit (Bacillus subtilis, Breed et al. 1957) 
and Serratia marcescens. In general, spore suspensions 
of B. subtilis were prepared from acetone-dried powder 
by thorough blending in a Waring Blendor; some tests 
were performed with freshly prepared spore suspensions. 
In all instances, the material was heat-shocked at 80 C 
for 5 to 10 min before use. S. marcescens commonly was 
prepared by harvesting plate cultures of a single colony 
isolate, and mixing the suspension in a Waring Blendor 
for about 1 min. For use in a few trials, S. marcescens, 
produced in deep, aerated cultures and pelleted by 
quick freezing, was reconstituted in warm diluent and 
blended. No significant effect of the different suspen- 
sions of each organism could be detected in relative 
sampler evaluation. 
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Aerosol Chambers 


Glass tube aerosol unit. The device (figure 4) consisted 
of a Pyrex glass tube 4 in. in diameter by 20 in. long 
fitted with rubber stoppers. The aerosol generated by 
a DeVilbiss® no. 40 nebulizer (figure 5) was admitted 
through one stopper in parallel with air humidified to 
about 85 per cent relative at room temperature. Three 
in. from the other end of the tube, two side arms per- 
mitted attaching one air sampler each as the dynamic 
aerosol passed to the exit. The aerosol then passed over 
a dry and wet bulb hygrometer and to a triple filter 
assembly. Coated slides could be inserted for measure- 
ment of physical settling. Standard operation involved 
using the unit with the nebulizer and air flow activated 
for 2 min before sampling. The samplers used removed 
no more than two thirds of the inflow consisting of 40 L 
per min. 

Plastic sphere unit. A plastic sphere of Lucite 22 in. 
in diameter was attached to the glass tube unit, being 
inserted between it and the hygrometer-filter assembly 
(figure 6). Eight sampling ports were equally spaced 1 
in. above and around the equator of the sphere, per- 
mitting more than two samples to be taken simul- 
taneously provided their total flow rates did not exceed 
40 L per min. Aerosol was generated continuously for 
at least 2 min before sampling to establish reasonable 
homogeneity. Computations of over-all variability in 
the unit gave coefficients of variation between 4 and 8 
per cent. 

Test tank, test chamber, and test sphere. The test tank 
was a 5000 gallon (20,000 L) fermentor, 7 ft in diameter 
by 14 ft high. Aerosols generated by various devices 
inserted into the tank were stirred by a fan and sampled 
at locations carefully determined by extensive homo- 
geneity tests. The chamber was an oblong room 15 by 
22 by 20 ft high (200,000 L volume). The test sphere 
was a steel sphere 40 ft in diameter (1,000,000 L 
volume). In all of these units, various and extensive 
tests were carried out to determine the optimal condi- 


§ The DeVilbiss Company, Toledo, Ohio. 








Figure 4. Glass tube aerosol unit 
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tions of dissemination, fanning, and sampling to achieve 
comparable and reasonably reproducible results. In 
general, reproducibility was a function of the degree of 
standardization of chamber operation, and the smaller 
units tended to give more uniform results; over-all 
coefficients of variation were approximately 20, 25, 
and >100 per cent for tank, chamber, and sphere, 
respectively. 


Aerosol Samplers 


Cotton collector. This sampler (figure 7) has a long 
history of successful and efficient collection of particles 
down to the size of a single bacterium; it is destructive 
to vegetative forms, however. 

Standard impinger. This device (figure 1), essentially 
identical to the Porton impinger, was designed for 





Figure 6. DeVilbiss no. 40 nebulizer 





Figure 6. Plastic sphere aerosol unit 


od 


isokinetic sampling of dynamic aerosols. It operates 
isokinetically, of course, only under highly cont/olled 
conditions of horizontal, streamlined flow of acrosol 
and air intake at the speed of aerosol travel; both are 
most difficult to achieve under practical conditions. 

All-glass impinger (AGI). The AGI is a retined, 
standardized modification (figure 2) of the Porton or 
standard impinger which has all of the theoretical 
advantages and disadvantages of the type. More re- 
cently, it has been designated ‘“AGI-4.” 

Capillary impinger. Essentially like the device de- 
scribed by Rosebury (1947), this sampler (figure 3) is 
similar to the AGI in principle; it usually is operated 
at small flow volumes. 

Midget impinger. A device developed for sampling 
dusts (figure 8) which is available commercially.‘ It 
operates at a lower air flow rate than the above im- 
pingers, and should properly be classified as an air 
washing sampler. 

Bulged AGI. The bottle of a standard AGI was 
adapted by blowing a hemispherical bulge in the bottom 
(figure 9) such that the air discharged tangentially into 
the bulge from the capillary. 

Canadian impinger. This sampler (figure 10) was 
designed by workers at the Suffield Experimental Sta- 
tion, and was predicated on the hypothesis that killing 

4 Mine Safety Appliance Company, Pittsburgh, Pennsylva- 
nia 





Figure 7. Cotton sampler 
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of bacteria could be minimized by tangential impinge- 
ment. 

Edgewood bubbler. A sampler (figure 11) used for 
aerosols of chemicals, this device differs little from the 
Wheeler bead bubbler. 

Venturi scrubber. This sampler (figure 12) was 
adapted from a device designed at the Stanford Re- 
sarch Institute (Magill et al., 1950), scaled down in 
size. Tests with a similar device were reported by 
Gordon and Boyd (1953). 

Efficiency trains. The physical efficiency of the several 
samplers was tested by placing a cotton collector in 
the exhaust stream from the test sampler. Since the 
cotton collector must be packed tightly for efficient 
filtering (approximately one-half atmosphere pressure 
drop), all samplers requiring an equal pressure drop 
may have been operated at slightly less than their 
rated flow rates even with high vacuum. This was more 
likely to have given an under- rather than over-estimate 
of sampler efficiency. 

The characteristics of the samplers (and atomizers) 
are summarized in table 1. 


Dissemination 


Devices. Four types of disseminator were used: a 
DeVilbiss no. 40 nebulizer (figure 5), a Chicago® atom- 
ier (figure 13), nozzles, and explosive devices. The 


5 See Rosebury, 1947. 














Figure 8. Mine Safety Appliance Midget impinger 
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first and second were used primarily in the glass tube 
and plastic sphere units; the latter two were used in the 
larger test units. Both the nebulizer and the atomizer 
were carefully calibrated, using a cascade impactor 
(May, 1945), and found to give uniform aerosols of 
particles below 3.0 « mass median diameter (MMD). 
The nozzles, for example, a Binks* nozzle, ejected 
spray by hydraulic pressure, and gave heterogeneous 
aerosols in which some proportions were small enough 


‘Binks Manufacturing Co., Chicago, Illinois. 











Figure 9. Bulged all-glass impinger 





Figure 10. Canadian impinger 
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to evaporate to nuclei. A few trials were performed with 
devices which ejected suspensions through a rupture 
disk in a steel cylinder, the propellant being explosive 
powder. No especial attributes for sampling studies 
inhere in the latter devices, except for the wide hetero- 
geneity in particle size generated. Results with them 
substantiated other studies. 

Suspending fluids. Suspensions of B. subtilis were 
prepared in distilled water. S. marcescens was suspended 
in gelatin phosphate diluent composed as follows: 
gelatin, 2 g; NasHPO,, 4 g; distilled water, 1000 ml; 
adjusted to pH 7.0. These same fluids were used in 











Figure 12. Venturi scrubber (modified) 
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samplers; foaming of gelatin phosphate diluent was 
controlled with minimal amount (about 0.01 m1! per 
sampler) of sterile olive oil. 

Sample timing. In all trials with “static”? aerosols, 
samples were taken at each of two or more ages. Nu- 
merous tests showed that a l-min sample taken :t a 
midpoint of 114 min after completion of dissemination 
gave reasonably homogeneous spatial results in the 
chambers described above. Various time intervals were 
used in the studies reported here, although later work 
resulted in standardization of sampling times at uniform 
intervals, 2, 9, 16 min and so forth. It may be noted 
that regressions were computed for all aerosols sampled 
at various ages, and most showed linearity of decay 
when logarithms of count were plotted against time. 


Assay 


The assay of sampler fluid was performed by standard 
techniques. Aliquots of sampler fluid were diluted 
appropriately in distilled water and plated immediately 
by surface streaking of 0.1 ml on prepared, sterile, 
pre-dried agar in Petri dishes, using glass spreaders. 
Generally, a Wilson’s peptone agar was used for S. 
marcescens: Wilson’s peptone (Armour),’ 20 g; glucose, 
5 g; agar, 30 g; dissolved in 1000 ml distilled water, and 
adjusted to pH 7.0. B. subtilis frequently was plated 
on tryptose agar: Bacto’ tryptose, 20 g; glucose, 10 g; 
NaCl, 5 g; agar, 20 g; dissolved in 1000 ml distilled 
water, and adjusted to pH 7.0. Occasionally, slight 
modifications of these media were employed. Plated 
samples were incubated at 30 to 32 C for 24 to 36 hr 
before counting colonies. Triplicate plates were counted 
when colony numbers fell between 30 and 500 per plate. 

Cotton collectors were assayed by removing the 
cotton pledget aseptically to a distilled water blank, 
which was shaken vigorously for 5 min before aliquots 
of fluid were removed for plating. 


Statistical Analysis 


All tests were designed for statistical analysis and 
appropriate analyses were performed. The x? test was 
used for paired data, and analysis of variance, with 
regression analysis, for factorial tests in static aerosols. 


RESULTS 


Removal efficiency. The question foremost in bacterial 
aerosol sampling is: Are all air-borne bacteria recovered 
from the air sampled? Lacking a feasible absolute means 
of determining perfect recovery, the cotton collector 
has been found regularly to remove more particles from 
air than other samplers; for bacteria, however, it 
enables viable recovery only of such resistant forms as 

7 Armour and Company, Chemical Division, Chicago, Illi- 
nois. 

8 Difeo Laboratories, Inc., Detroit, Michigan. 
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spores. A series of comparisons was made between the 
AGI and carefully prepared cotton collectors, one of 
each attached to opposite sampling ports in the glass 
tube aerosol unit, with aerosols of B. subtilis spores. 
During 7 separate trials, 42 such comparisons were 
made (table 2) with two levels of suspension sprayed 
from the DeVilbiss nebulizer to give fine droplets. It 
was observed that results were consistently parallel 
in the samplers, and no significant difference was found 
statistically. AGI samplers tested in series with cotton 
samplers (see below) functioned at or slightly below 
the standard one-half atmosphere pressure drop. To 
evaluate the effect of this, and of impingement speed, 
on bacterial recovery, 10 trials were performed com- 
paring one AGI operated under standard conditions 
with others operated at lower flow rates. Lower flow 
rates were induced by inserting calibrated capillaries 
down-stream in the exhaust line. No appreciably 
discrepant recoveries were obtained in the samplers 
with reduced flow between 11.6 and 8.8 L per min 
(table 2). At 8.4 L per min, the restricted samplers 
averaged 90 per cent of collection in the standard AGI; 
no lower flow rates were tested to confirm the apparent 
decrease in efficiency. 

Another frequently used approach to testing removal 
efficiency has been to attach two samplers in series; 
bacteria recoverable from the second are presumed to 
represent exhaust losses from the first. In several reports 
this conclusion may be questioned since small particles 
not trapped in the first sampler may equally fail of 
entrapment in the second unless the latter is more 


e 


efficient. The cotton collector was used, again on the 
basis of its proved efficiency, in series with each of 
several aerosol samplers to measure exhaust losses. B. 
subtilis spores were used because of the destructiveness 
of the cotton collector for vegetative forms. The AGI, 
Midget impinger, and Venturi scrubber were thus 
tested in separate trials in the plastic sphere aerosol 
unit with aerosols of fine particles (table 3). With the 
AGI, the carry-over into the cotton collector averaged 
0.30 per cent of total spores collected with a standard 
deviation of the mean of 0.06 per cent, permitting the 
conclusion that the AGI was more than 99 per cent 
efficient in removing impinged bacterial droplets of 
very small size. Comparable values for the Midget 
impinger were 30 + 4 per cent, and for the Venturi 
scrubber, 10 + 0.35 per cent. After these tests, the 
AGI, with its demonstrated efficiency, was accepted as 
a standard for comparing samplers. 

Comparison of other liquid impingers. The capillary 
impinger, derived from and operating on the same 
principles as the AGI, was not expected to behave 
differently in terms of collection efficiency. Its varia- 
tions in physical dimensions and flow volume, however, 
suggested comparative tests. These tests were per- 
formed with mixed aerosols containing both B. subtilis 
spores (5 X 108 per ml) and S. marcescens (10 X 108 
per ml) in the plastic sphere unit. In 59 comparisons, 
typified by data in table 4, the correlation between the 
two samplers was found to be very high, with no signifi- 
‘ant differences between the mean recoveries of either 
spores or S. marcescens. 


TABLE 1 


Operating characteristics of aerosol samplers and generators 


Name of Device 








Operating Principle Vol and Rate Vol Fluid Flow Control 
L/min ml 
Samplers: 
Cotton collector Filter; packed 36-40 cm water re- 12.5 < sonic — Exhaust, capillary 
sistance 
Standard impinger Normal impingement in liquid, 4 mm 10.5 ~ sonic 5.0 Intrinsic 
clearance above bottom 
All-glass impinger Same as Standard impinger 12.5 =~ sonic 10.0 Intrinsic 
Capillary impinger Same as Standard impinger 1.9 = sonic | 25.0 Intrinsic 
Midget impinger Low speed bubbling and washing 2.8 < sonic | 10.0 Exhaust, capillary 
Bulged impinger Tangential impingement 12.5 = sonic | 10.0 Intrinsic 
Canadian impinger Tangential impingement, spash-wash-| 9.5 = sonic 10.0 | Intrinsic 
ing , 
Edgewood bubbler Air bubbling-washer | 1.0 < sonic 20.0 Exhaust, capillary 
Venturi scrubber Droplet-condensing, centrifugal wash-| 28.3 < sonic 20.0 1 cfm pump 
ing 
Vol Fill Particle Size 
Generators: 
DeVilbiss no. 40 nebulizer Recycling, air shearing, coarse drops 4.0 1.1 ml <3.0 » MMD* 
impacted 25 psi 


Chicago atomizer Concentrie direct spray 


*\Mass median diameter. 


Variable <3.0 1» MMD 


e 
3 
2 
4 
pe 
2 
2 
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The possible destructive effects of impingement on 
vegetative bacteria has been suggested, largely on 
inductive bases. Numerous techniques were suggested 
in an attempt to obviate this possibility while retaining 
the advantages already shown for liquid impingement. 
One method tested involved blowing a hemispherical 
bubble in the base of the AGI bottle, such that the air 
jet impinged tangentially. This resulted in the bulged 
AGI (figure 9). Tests of this modified sampler in parallel 
with the AGI were performed in a design like that 
above. Although the recovery in nine tests from the 





Figure 13. Chicago atomizer 


TABLE 2 

Efficiency of all-glass impinger (AGI) in collecting small 
droplets* of Bacillus subtilis aerosol compared to cotton 
collector and at different flow rates 
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bulged AGI of B. subtilis spores was higher (382,000 vs, 
379,000 per L aerosol) and of S. marcescens was lower 
(700,000 vs. 732,000) than that from the AGI, the 
differences were not statistically significant (table 4. 
Previous workers, notably duBuy et al. (1945), pre- 
sented data indicating that samplers similar to the 
Wheeler e¢ al. (1941) bead bubbler were quite sitis- 
factory aerosol collectors. A device similar in principle, 
used as a gas sampler, was tested in a manner like that 
given above for the capillary impinger. Results of 25 
tests (table 4) with this device, the Edgewood bubbler, 
demonstrated that it was significantly less effective 
than the AGI for collecting small droplets of either 
spores or S. marcescens. It was noted that the difference 
was less with S. marcescens (480,000 vs. 308,000 per L 
aerosol) than with spores (254,000 vs. 139,000). 


TABLE 3 


Loss of bacterial droplets from exhaust of 3 samplers in Bacillus 
subtilis aerosols of small droplet size* 





Spores per L Aerosol 


Sampler Type Sample No. Test | eenveten pm hang 
caine collector in 
x series 
7 / xo | xm | & 
All-glass impinger ] 6300 16 0.25 
(typical trial) 2 4700 17 0.35 
3 7800 12 0.14 
4 4100 13 0.32 
5 6400 10 0.16 
14 0.24 


Midget impinger 


5 16 

(typical trial) 2 28.5 20.0 41 
3 133.5 18.3 12 

4 152.5 18.8 11 

5 184.5 17.0 8 

6 200.5 33.6 14 

Mean... 257 .0 19.8 17 


Mean.. 


5900 


Mean loss in 23 tests: 0.30 + 0.067 


-_ | 


58. 


11.2 


Mean loss in 24 tests: 30.0 + 4.0 


7400 


995 








12 


Venturi scrubber 1 
(typical trial) | 2 8000 1070 12 
3 9900 1075 10 
4 9700 1195 11 
5 9900 1255 11 
6 9300 1235 12 
Mean...| 9000 | 11388 11 


| Spores per Lt Spores per Lt 
Suspen- | Aerosol ees Aerosol 
Test|_ 8, | — Test | Flow |——7——],Gplecto, 
Count | acy | collec: © oe as 
tor L/min eet) 
|<108/ml| x 108 | x 108 L/min | X 108 | X 108 % 
1)18 | 7.1 | 7.5 1 11.6 | 120 | 110 92 
2/16 | 6.4 | 6.9 2 10.7 | 110 | 110 | 100 
3116 616.2 173 3 9.9 110 110 100 
4 | 13 6.5 | 6.4 4 9.4 100 110 110 
5 | 1.0] 0.51 | 0.50} 5 8.8 | 100 | 100 100 
6 1.0 | 0.44 | 0.45 6 8.4 100 90 | 90 
7 1.2 | 0.33 | 0.30 Suspension count: 30 X 108/ml 





tube aerosol unit. 
+ Each value represents mean of 6 samplers. 
t Each value represents mean of 10 samplers. 
§ AGI (test)/AGI (12.5) X 100. 


* Aerosol MMD (mass median diameter) <3.0 u in glass 


Mean loss in 42 tests: 10 + 0.35 
* Aerosol MMD (mass median diameter) <3.0 yu in plastic 
sphere aerosol unit. 
7 All variations from means in this and subsequent tables 
refer to standard deviation of the mean unless otherwise 
noted. 
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Another bubbler-type sampler, the Midget impinger, 
was compared with the AGI in mixed aerosols of small 
particles. The tests (table 4), performed as described 
above, showed no significant difference from the AGI 
in 36 comparisons. Again, however, the means suggested 
that S. marcescens was favored over spores in this sam- 
pler as compared with the AGI. 

Comparison of the AGI with tangential impingers. The 
possibility of destroying vegetative forms by normal 
impingement at high speed in the AGI stimulated 
search for a substitute device. Canadian workers had 
developed such a sampler (figure 10) and it was sub- 
jected to comparison with the AGI. Tests were per- 
formed with S. marcescens aerosols in the plastic sphere 
unit. The results of 27 comparisons (table 5) showed 
no significant difference between the two samplers. 
Similarly performed comparisons between the AGI and 
the Venturi scrubber also showed no significant differ- 


ences in recovery of small droplets of S. marcescens 
(table 5). 

Effect on comparative sampling of droplet size and 
decay. Various indications from published reports and 
from studies performed in these laboratories supported 
the hypothesis that the relative effectiveness of different 
samplers varied with particle size. Serious difficulties 
were encountered in attempting to achieve uniform 
aerosol droplets of bacteria in ranges above those noted 
in the preceding tests: <3.0 u. Consequently, tests were 
conducted in aerosols of heterogeneous droplet size, 
with concomitant study of the decay with time to enable 
some evaluation of relative sampler performance as 
larger droplets settled out. Tests were performed in the 
test chamber, one series consisting of small droplets of 
mixed B. subtilis spores and S. marcescens disseminated 
by DeVilbiss nebulizers, and heterogeneous droplets 
disseminated by an explosive device, with 1-min samples 








TABLE 4 
Recoveries in the all-glass impinger (AGI) and 4 other samplers of bacterial 
mixtures from aerosols of small* droplet size 








Plate Count per L Aerosol 
Suspension Count 





Sampler Type Test Pair No. B. subtilis spores S. marcescens 





























4 : | aie : a na 
Bacillus subtilis a. AGI Test sampler AGI Test sampler 
i X 108/ml | x 108 x 108 | xm =| XK TO 
Capillary impinger 1 6.8 11.0 48 46 | 108 | 84 
(typical trial) 2 6.8 11.0 69 84 | 124 147 
3 6.8 11.0 113 | 89 | 171 117 
4 6.8 11.0 96 99 159 156 
5 6.8 11.0 72 | 99 | 135 158 
Rabati (SO Cesta) soe ose ees 138 + 7 | 125 + 5 70 + 3 74 + 3 
Bulged AGI 1 5.3 9.5 280 245 520 430 
2 5.3 9.5 305 270 | 500 635 
3 5.3 9.5 365 | 340 | 810 685 
4 5.3 9.5 380 390 880 545 
9) 5.3 9.5 285 255 | 770 650 
DRO RAN ITWABRUOY cc ce os ys seinen tte s's 379 + 27 =|) = 882 + «39 732 + 47 700 + 60 
Edgewood bubbler 1 4.8 11.6 344 _ 131 | 812 406 
(typical trial) 2 4.8 11.6 332 132 | 746 | 392 
3 4.8 11.6 312 129 | 624 | 405 
4 4.8 | 11.6 256 126 «616 | 447 
MRPMIN Ze ACRE icc... Sido en poe 254 + 13 139 + 11 | 480 + 34 308 + 23 
Midget impinger 1 7.0 19.0 368 | 296 676 582 
(typical trial) 2 7.0 19.0 356 | 320 | 644 621 
3 7.0 19.0 376 263 | 680 568 
4 7.0 19.0 330 460 748 | 672 
5 7.0 19.0 380 361 636 736 
6 7.0 19.0 356 | 355 572 793 
Mean (36 tests).. 393 + 11 3744412 | 667 + 18 


694 + 21 





* Aerosol (mass median diameter) MMD <3.0u in plastic sphere or glass tube aerosol unit. 
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being taken at intervals beginning 2, 4, 8, and 16 min 
after completion. For the former, six DeVilbiss nebu- 
lizers, each with 1.1 ml of a mixed suspension containing 
7 X 108 spores per ml and 12 X 10° S. marcescens per 
ml, were operated in parallel at 25 psi air pressure; 7 
min were required to complete dissemination. Explosive 


TABLE 5 
Comparison of the all-glass impinger (AGI) to 2 other samplers 
for recovery of small aerosol droplets* of Serratia marcescens 


Plate Count per L Plate Count per L 


Aeroso Aerosol 
Test No. - Test No. 
. Canadi: . Venturi 
AGI | inpleger AGI | scrubber 
— x 103 x 108 : K 108 x 108 
1 1084 1242 1 310 310 
2 1116 1088 2 380 410 
3 1056 1098 3 320 280 
4 1048 1650 q 360 350 
5 968 1247 5 300 390 
6 1088 948 6 320 280 
Mean...... 1060 1212 | Mean... 332 337 
Mean (27 Mean (36 
tests)... 874 + | 934 + tests) 790 + 750 + 
51 59 71 56 


* Aerosol MMD (mass mean diameter) <3.0 u. Canadian 
impinger tests run in glass tube aerosol unit, Venturi scrubber 
in plastic sphere. Suspension control count, 20.0 X 10° per ml. 


TABLE 6 
Comparison of three samplers for collection of small or 
heterogeneous droplets in bacterial aerosols* 





Plate Count (X 10°) per L at Indicated Aerosol 
___Age (min): | 


Sampler Type Serratia marcescens Bacillus subtilis 


8-9 |16-17| 2-3 | 4-5 | 8-9 | 16-17 


2-3 -S 


Small droplets (<3.0 » MMD)t+ 





All-glass impinger...., 378} 325) 206 171) 544) 478) 423) 428 
Midget impinger. . 450 | 343) 295) 198) 410) 370 400) 360 
Capillary impinger..... 156 | 148) 121) 76) 590, 570 500 486 


Heterogeneous droplet size§ 


680 | 536) 405) 280 
1280 |1230)1290) 396 
680 | 673) 495) 328 


All-glass impinger.... 
Midget impinger..... 
Capillary impinger.... 


* Suspension control counts, small droplets: S. marcescens, 
12 X 108 per ml; B. subtilis, 7 X 108 per ml; 6.6 ml total suspen- 
sion disseminated. Heterogeneous aerosol: 8.8 ml S. marcescens, 
25 X 108 per ml. 

} Disseminated with DeVilbiss nebulizers. MMD = mass 
median diameter. 

t Each value represents the mean of 5 separate trials (small 
droplets) or 6 trials (heterogeneous) with 4 samples per trial 
period. 

§ Disseminated with an explosive device in test chamber. 


M. E. TYLER AND E, L. SHIPE 


[vor. 7 


dissemination was achieved with 8.8 ml of S. marcesc: ns, 
25 X 10° per ml. Two 16-in. fans, blowing upward from 
2 ft above the floor, were started prior to dissemination, 
and operated at low speed through the first sampling 
period only for both series. Three different samplers 
were operated in parallel at each of four sampling sta- 
tions in the chamber at each period: AGI, Midget 
impinger, and capillary impinger. 

Sampling data (summarized in table 6) showed the 
high variability, by laboratory standards, widely en- 
countered in aerosol studies in large chambers even 
under carefully controlled conditions. The _ tests 
required careful statistical design and analysis. Such 
analyses permitted the conclusions that, in the fine 
aerosol, the mean recoveries of S. marcescens in the 
AGI and Midget impinger were not significantly differ- 
ent. However, the fact that the capillary impinger 
recovered only about 40 per cent as many S. marcescens 
was a highly significant difference. There were no signifi- 
cant differences among the three samplers in recoveries 
of spores. It was interesting that the order of decreasing 
recovery level was reversed over that observed with 
vegetative bacteria. Computed decay rates from each 
of the three samplers were too variable to ascribe signifi- 
cance to the small differences, for either spores or 8. 
marcescens. The decay rate of S. marcescens averaged 


TABLE 7 
Comparative recoveries of coarse aerosol droplets of Serratia 
marcescens in the all-glass impinger (AGI) and Midget 
impinger 


Plate Count per L 
aerosol in Indicated 


ere Sam- S ‘6 Ratio: 
vex Bega lig | Samer | lt 
Midget | AGI 
ane ~ x 108/ml le x 103 XK 108 
Chamber tests 30 1 | 516 368 1.40 
(droplets <10 u 604 | 468 1.29 
MMD*) 572 | 316 1.81 
578 356 1.62 
1.53 
18 — | 252 
461 | 252 1.82 
| 410 | 296 1.38 
365 232 1.57 
1.59 
| Standard | 
Sphere test (hetero-, 1000 1 | 709 | 84.4 | 8.40 
geneous drop- 8 | 325 53.7 6.05 
lets) 17 | 232 43.0 5.39 
10 1 2.84 | 0.483) 5.88 
8 1.78 | 0.417) 4.27 
17 1.36 | 0.415) 3.27 


* Mass median diameter. 
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over all samplers was 6 times that of the spores and 
highly significant. 

In the heterogeneous aerosol (table 6) the Midget 
impinger collected significantly more (approximately 
twice) S. marcescens than the AGI or capillary impinger, 
the latter two not differing. Again, no significant differ- 
ences were detectable in decay rates. 

A wide variety of tests similar to the above gave 
confirmation to the general observations noted. Two 
examples may be cited. The first consisted of comparing 
the AGI and Midget impinger in aerosols disseminated 
by a direct hydraulic nozzle in the test chamber. Particle 
size Measurements indicated that such aerosols con- 
sisted of small droplets averaging about 5 to 10 4 MMD. 
Four trials were performed, with the samplers in parallel 
at each of four stations and at two aerosol ages (1 to 
2 and 18 to 19 min). The second example was a series 
performed in the test sphere, using S. marcescens sus- 
pensions at two levels of concentration (10 X 10° and 
1000 X 10° per ml) and disseminated by an explosive 
fixture. The droplets were widely disparate in size 
although no exact measurements were made. The 
Midget impinger was tested in parallel with the stand- 
ard impinger (similar to the AGI). One of each was 
operated at three stations at each of three aerosol ages 
(1, 8, and 17 min). The data (table 7) again demon- 
strated that the Midget impinger collected more bac- 
teria than the standard impinger (AGI-type) in aerosols 
containing large droplets. It was obvious that the larger 
the droplets, the greater the disparity in recovery (cf. 
tables 6 and 7). 

DISCUSSION 

The liquid impinger sampler, operating with air 
flows near sonic velocity, has not received appropriate 
attention in the literature despite its successful use for 
more than 15 years in studies of bacterial aerosols. This 
has been due not only to failure to publish studies of 
its behavior but also the preconceived ideas as to its 
potential disadvantages, particularly the unproved 
assumption of inefficiency (Wells, 1955), and the moot 
question of relative effects of efficiency and particle 
disintegration (duBuy, et al., 1945). 

The ease of use and the cost of particular air samplers 
have been promulgated as arguments for adoption: the 
Wells’ air centrifuge (Wells, 1933; 1955); the electro- 
static sampler (Luckiesh et al., 1946b); and others. No 
similarly importunate pleas have been made for that 
flexibility in use which would permit the essential 
spatial distribution and extensive replication of sam- 
pling vital to adequate testing of such a protean entity 
as a bacterial aerosol (although some reports have 
involved considerable replication, notably duBuy et al., 
1945). The AGI fulfills the qualifications of simplicity 
of design and use, and low cost. It is appreciably better 


| adupted to easy spatial distribution and _ repetitive 
| sampling. It has the added feature of not requiring 


extrinsic devices for control or measurement of, and is 
invariable in, air flow with a simple pump. 

Certainly one of the notable requirements for a 
bacterial air sampler is that it recover all bacterial 
droplets important for the particular study. Data pre- 
sented above show that the AGI, by available standards, 
accomplishes highly efficient collection with small drop- 
lets, those <3.0 uw equivalent, diameter. At the same 
time it avoids the proved disadvantages of dry filters 
which kill some vegetative forms by air flow. Less 
notably this may also be a fault with agar impingement 
devices, although this has not been shown. That small 
particles are important in bacterial aerosols has ade- 
quately been demonstrated in terms of air-borne sta- 
bility (Phelps and Buchbinder, 1941) as well as inhala- 
tion and retention in the lungs (Hatch and Kindsvatter, 
1947; Hatch and Hemeon, 1948; Sonkin, 1951). There 
are disclaimers that particles below about 2.3 yu are 
unimportant and contain only one bacterium (Wells 
et al., 1946). 

The AGI sampler has certain disadvantages which 
must not be overlooked. The likelihood that considera- 
ble disintegration of clumps may be effected may be a 
material attribute in certain uses and a definite dis- 
advantage in others. Presumably, agar deposition 
samplers avoid particle break-up but definitive evidence 
has not been presented. Indeed, studies by duBuy et al. 
(1945) suggest that many air-borne bacterial droplets 
may disintegrate almost spontaneously when deposited 
on a liquid surface. Nevertheless, for certain types of 
information the number of air-borne clumps may be 
desirable; the AGI is not adapted to this use. 

More important faults may inhere in the AGI. Data 
presented here have shown apparent discrepancies be- 
tween the results obtained in comparative tests of 
samplers under differing aerosol conditions. For example 
the AGI and Midget impinger appeared to be equally 
effective in aerosols of small droplets, but the latter 
collected increasingly more bacteria in increasingly 
coarse aerosols. A priori, one would ascribe this to the 
loss of large particles in the sampler inlet of the AGI, 
the straight inlet of the Midget impinger being less 
discriminatory. That this is indeed true to a degree has 
been shown (Shipe et al., 1959; Tyler et al., 1959). 
Equally discrepant are the data showing that few small 
bacterial droplets escape from the exhaust of the AGI 
and many from other samplers (table 3), yet recoveries 
in comparative tests are not significantly different 
(tables 4 to 6). This finding suggested that at least two 
mechanisms operate in opposition, and studies were in- 
augurated to evaluate the potential of the AGI for kill- 
ing bacteria during impingement (Tyler et al., 1959). 
Thus two important effects, although previously sug- 
gested, have not been evaluated quantitatively by 
experiment: particle size discrimination, and killing in 
liquid impingers. 
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For several reasons comparative evaluation of the 
AGI-type sampler with such samplers as the agar 
impingement devices and Wells’ air centrifuge have 
not been reported. Until such studies have been carried 
out with thorough regard for the significant parameters 
and with due statistical precision, no adequate decision 
may be made regarding the relative merits under vary- 
ing conditions. That such decisions are needed is evi- 
denced by a wide variety of studies of air-borne bacteria 
being reported (for example, Spendlove, 1957; Albrecht, 
1958). 
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SUMMARY 


Comparative collection efficiency of the all-glass 
impinger (AGI) and several other air samplers for 
small, fairly uniform, and for heterogeneous air-borne 
bacterial particles was evaluated using Bacillus globigii 
(Bacillus subtilis) spores and Serratia marcescens. Tests 
were performed in various small and large aerosol units 
whose performance characteristics had been carefully 
adjusted and extensively calibrated. Statistically de- 
signed and analyzed experiments permitted the follow- 
ing conclusions: 

The AGI collected essentially as many B. subtilis 
spores from fine aerosols as did the best available 
“absolute” sampler, the cotton collector. Exhaust losses 
were less than 1 per cent. Exhaust losses from the 
Midget impinger and Venturi scrubber were very 
high (30 and 10 per cent, respectively). 

The AGI was as effective as, or more so than, any 
other liquid sampler tried with fine aerosols. However, 
with heterogeneous air-borne droplets, certain samplers 
collected more bacteria than the AGI. This wasascribed, 
hypothetically, to particle size discrimination in the 
inlet tube. 

The nearly equal effectiveness of the Midget im- 
pinger (and others) and the AGI in aerosols of small 
droplets seemed inconsistent with the inefficiency of 
retention of the former. This suggested a possible killing 
effect on vegetative forms in the AGI, which led to 
further studies. 

It was suggested that several assumptions of previous 
work are made subject to evaluation by techniques 
similar to those employed in this work, and that a need 
exists for further comparative studies of the various 
parameters of bacterial aerosol sampling among agar 
impingement and liquid impingement devices. 
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Several criteria for a good biological aerosol sampler 
were suggested by Tyler and Shipe (1959). Certain of 
these characteristics were taken into consideration in 
the development of a sampler which might avoid certain 
deficiencies in existing devices; the Shipe sampler rep- 
resented the culmination. At the inception of the work, 
the opinion of the authors was that direct impingement 
of vegetative bacteria against the bottom of the all- 
glass impinger at near sonic velocity might result in 
kiling or injuring cells to the extent that the sample 
would not be an index of the viable cells entering the 
sampler. A second consideration was that some particles 
present in a heterogeneous aerosol (>3.0 » MMD*) 
were of such a size as to be retained by the intake tube 
on the usual impinger type sampler. The relative infec- 

_ tivity of bacterial particles of various sizes is debatable; 
our purpose was to determine whether discrimination 


» occurred in various samplers. We felt that it was impor- 


tant to know what was happening to the total aerosol, 
| that is, whether the cells are retained, killed, or sampled. 
Presented here are data comparing the Shipe sampler 
with other types of impinger samplers (all-glass im- 
|pinger, capillary impinger, Midget impinger, Venturi 
scrubber, and standard impinger) as described by Tyler 
)and Shipe (1959) under a variety of conditions involving 
‘the sampling of aerosols of heterogeneous (>3.0 u 


' Present address: Knoxville Branch Laboratory, Tennessee 
| Department of Public Health, Knoxville, Tennessee. 
* Present address: Department of Bacteriology, College of 
) Agriculture, University of Florida, Gainesville, Florida. 
*MMD = mass median diameter (May, 1945). 
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MMD) and homogeneous (<3.0 » MMD) particle 
sizes. In nearly all instances with vegetative bacteria, 
the Shipe sampler collected more viable cells per L of 
aerosol sampled, and exhibited a low slippage excelled 
only by the all-glass impinger. This may have been due 
to one or both of the following: absence of particulate 
retention in the absence of an intake tube, or minimizing 
of cellular damage due to impingement. Data support- 
ing these hypotheses are presented in the third paper 
of this series Tyler et al. (1959). 
MATERIALS AND METHODS 

Design of Shipe sampler. The initial design of the 
Shipe sampler is shown in figure 1. It should be noted 
that, by using a metal disk with a bored, sharp-edged 
orifice, the intake tube was eliminated. Theoretically, 
any particle smaller than the orifice could enter the 
sampler. The neck of the orifice support tube entered a 
125-ml Erlenmeyer flask perpendicular to the circum- 
ference and tangential to the bottom of the flask. The 
sampling rate was controlled (a) by the size of the orifice 
and (b) by maintaining a pressure differential greater 
than one-half an atmosphere across the orifice by means 
of an adequate vacuum source connected to the exhaust 
tube of the sampler. The sampler contained 25 ml of 
gelatin-phosphate diluent plus approximately 0.02 ml 
of sterile olive oil to minimize foaming. The action of 
the liquid in such a sampler was quite violent, and this 
design was abandoned in favor of the one shown in 
figure 2. Here the orifice support tube entered the flask 
tangentially to both the circumference and the bottom 
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of the flask. The action here was less violent, resulting 
in a circular motion of the sampling fluid within the 
flask and a cyclonic action within the orifice support 
tube. Essentially, all of the trials described were per- 
formed with this sampler. A further refinement resulted 





Figure 1. Shipe sampler in initial design. Note support tube 
perpendicular to circumference of flask. 


in the adapting of the orifice tube to what was c-sep- 
tially the base of the all-glass impinger. Such a sanipler 
is shown in figure 3. Splashing was minimized, and com. 
parisons of the latter two samplers indicated that they 
yielded similar results. 

One of the difficulties encountered in design and 
construction of the Shipe sampler was the attachment 
of the metal orifice to the glass intake tube.. Several 
adhesives were investigated but none was found entirely 
satisfactory; difficulty was encountered in the steriliza- 
tion of the unit. However, since the time of the work 
described, a unit has been fabricated out of nylon which 
overcomes this difficulty. 

Evaluation techniques. The bacterial suspensions, 
aerosol chambers, aerosol samplers, disseminators, bac- 
terial assay techniques, and statistical analyses were 
described previously (Tyler and Shipe, 1959). One series 
of studies involved the use of Escherichia coli; suspen- 
sions were prepared in a manner essentially similar to 
that for Serratia marcescens. In addition, several trials 
were performed in which S. marcescens was disseminated 
with an explosive device from the center point of a 
circular, outdoor grid area on which sampling stations 
were spaced in ares 50 and 100 yards from the point of 
dissemination. Parallel samples were taken at each oi 
the sampling stations and assayed for cell count by 
bacteriological plating techniques. 


RESULTS 


Removal efficiency. The effectiveness of separation ol 
bacteria from air was tested with the Shipe sampler in 





Figure 2. Shipe sampler. Note orifice tangential both to 
bottom and circumference of flask. Operated near sonic 


velocity at 8.5 L air per min; 25 ml fluid. 


Figure 3. Modified Shipe sampler 
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4 manner analogous to that reported for other samplers 
(Tyler and Shipe, 1959). Samples of an aerosol of Bacil- 
lus subtilis spores (<3.0 » MMD) were taken with a 
Shipe sampler containing 25 ml of fluid. A cotton 
sampler was attached in tandem to the exhaust of the 
sampler. Spores collected in the cotton sampler were 
assumed to represent those that were not entrapped in 
the Shipe sampler. A typical trial is illustrated in table 
1. The average loss from the exhaust in 64 trials was 
3.8 + 0.2 per cent of the total collected by sampling 
fluid plus cotton. This efficiency compared favorably 
with that of most other bacterial samplers reported in 
the literature except that of the all-glass impinger 
(Tyler and Shipe, 1959). 

Comparison of samplers for collection of aerosols <3.0 
u MMD. Eighteen comparisons were made between the 
Shipe sampler and the all-glass impinger for the collec- 
tion of S. marcescens aerosol disseminated in the glass 
tube aerosol unit previously described (Tyler and Shipe, 
1959). The DeVilbiss* no. 40 nebulizer was used to 
disseminate the aerosol. Sampling time was of 1-min 
duration at approximately 1-min intervals. Six sets of 
samples were taken from one continuous dissemination. 
Table 2 illustrates the type of comparative results ob- 


‘The DeVilbiss Company, Toledo, Ohio. 


TABLE 1 
Loss from exhaust of Shipe sampler of aerosol droplets of 


Bacillus subtilis spores in a typical trial 


Plate Count per L Aerosol Sampled 
—— Loss from Exhaust 


Cotton sampler in tandem 


xX 104 Xx 108 


210 4.8 2.2 
290 8.8 2.9 
310 9.9 3.1 
470 8.3 Ee 
350 15.5 4.2 
410 12.2 2.9 


TABLE 2 
Shipe sampler versus the all-glass impinger for recovery of small 
) aerosol droplets* of Serratia marcescens 
in the glass tube aerosol unit 


Plate Count per L of Aerosol Sampled 








ti 


) * Less than 3.0 1 MMD (mass median diameter) generated 
} by « DeVilbiss no. 40 nebulizer. S. marcescens suspension con- 


) trol count 0.98 X 10% per ml. 


BACTERIAL AEROSOL SAMPLERS. 


Trial Se — 
Shipe sampler All-glass impinger 

1 1,510,000 920 ,000 

2 1,320,000 1,036,000 

3 1,548,000 992 ,000 

4 1,649,000 976,000 

5 1,795,000 1,032,000 

; 6 1,687 ,000 872,000 
| ES 1,584,000 972 ,000 
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tained. In 18 comparisons, the Shipe sampler gave a 
plate count of 1,400,000 + 60,000° per L of aerosol as 
compared to 1,000,000 + 35,500 per L for the all-glass 
impinger. Statistical analysis indicated that the means 
were significantly different. 

One experiment was conducted in the test chamber in 
which S. marcescens cells were disseminated by a 
generator developed by Arthur D. Little Company® 
which was capable of producing homogeneous aerosols 
below 3.0 1» MMD. Samples were taken at 1 to 2 min 
and at 6 to 7 min after dissemination with both the 
Shipe sampler and the all-glass impinger. Results of 
these comparisons are shown in table 3. The mean plate 
count for the Shipe sampler was 250,000 cells per L as 
compared to 200,000 cells per liter of aerosol for the 
all-glass impinger at the 1 to 2 min sampling period, and 
160,000 cells per L as compared to 130,000 cells per L 
respectively for the 6 to 7 min sampling period. 

A series of trials was conducted in the test chamber 
to compare the collection of four aerosol samplers, the 
all-glass impinger, the capillary impinger, the Midget 
impinger, and the Shipe sampler. A mixed suspension 
composed of cells of S. marcescens and B. subtilis spores 
was disseminated by DeVilbiss no. 40 nebulizers produc- 
ing an aerosol of <3.0 » MMD. Before dissemination, 
two 16-in. fans operated at low speed were placed on 
blocks approximately 2 ft from the aerosol generators 
so as to fan in an upward direction. The fans were 
started prior to generation of the aerosol and operated 
through the 2- to 3-min sampling period. Six nebulizers 
were connected in parallel, each containing 1.1 ml of 
cell suspension (1.2 X 10° per ml S. marcescens and 
7 X 108 per ml B. subtilis spores). Air pressure of 25 
psi was applied to the nebulizers for a period of 7 min 


5 Standard deviation of the mean (standard error) unless 
otherwise indicated. 
6 Arthur D. Little Company, Cambridge, Massachusetts. 


TABLE 3 
Shipe sampler versus the all-glass impinger for recovery of small 
aerosol droplets of Serratia marcescens in the test chamber 


Plate Count per L of Aerosol Sampled 
Sampling Period ——_——_————— 


Shipe sampler All-glass impinger 


291,000 


224 ,000 


1 to 2 min 








237 ,000 242,000 

232,000 107 ,000 

241,000 211,000 

Mean. . x... 62005] 250,000 196 ,000 
6 to 7 min 175,000 121,000 
135,000 132,000 

145,000 124,000 

164,000 138 ,000 

NEGO 5 b< 6d sc cicss 155 ,000 129 ,000 





S. marcescens suspension control count 30 X 108 per ml. 


aune we Bees 688 ows ar ec ae oe oe 








to accomplish dissemination of the cells. One set of 
each of the four samplers was operated at four sampling 
periods: 2 to 3, 4 to 5, 8 to 9, and 16 to 17 min after 
dissemination. A summary of the results obtained is 
shown in table 4. Analysis of the data revealed differ- 
ences in recoveries for the four samplers. When S. 
marcescens was the test organism, the most effective 
samplers were the Shipe sampler, the Midget impinger, 
and the all-glass impinger with no differences detected 
among them. There was some indication that the above 
listing was in the order of decreasing effectiveness. The 
‘apillary impinger was significantly less efficient, collect- 
ing about 40 per cent as many as the others. When B. 
subtilis was the test organism, recoveries were not 
significantly different among the four samplers. How- 
ever, it was noted that the Shipe sampler, which gave 
the highest recovery of S. marcescens, also gave the 
highest recovery of B. subtilis. The remaining samplers 
in order of decreasing recovery were the capillary 
impinger, the all-glass impinger, and the Midget im- 
pinger, which was the reverse order of that found with 
S. marcescens. The implication was that, with the excep- 
tion of the Shipe sampler, the most effective sampler for 
S. marcescens was the least effective for B. subtilis. 
Comparison of samplers for collection of aerosols of 
>3.0 » MMD. Using the same samplers in a similar 
comparative study, aerosols of S. marcescens were 
generated in the test chamber by an explosive fixture 
containing 8.8 ml of approximately 2.5 & 10° cells per 
ml resulting in a heterogeneous aerosol. Six trials were 
conducted. A summary of the data is shown in table 4. 
When explosively disseminated clouds were sampled, 
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the Shipe sampler recovered significantly more organ. 
isms at each sampling period than any of the other t!iree 
samplers. There was no significant difference between 
the all-glass impinger and the capillary impinger for 
sampling the explosively disseminated clouds. 

In conjunction with trials in which four variatioiis of 
an explosive fixture were conducted in the test chamber, 
sampling studies were included to determine differences 
between the all-glass impinger and Shipe sampler under 
conditions in which there were variations in the dis- 
seminator. Shipe samplers were placed at each of four 
sampling stations and operated in parallel with all-glass 
impingers. Three replicates were obtained for each of 
the four fixture variations and at three sampling periods 
of 1 to 2, 6 to 7, and 18 to 19 min after dissemination. A 
few determinations of particle size were made by use of 
cascade impactors (May 1945), but were insufficient 
to establish the reliability of the measurements. Results 
of these comparisons are expressed as a ratio of the cell 
count obtained from the Shipe sampler to the cell count 
obtained from an all-glass impinger. The results are 
shown in table 5. The data indicated that the ratios 
between the two samplers decreased with a decrease in 
MMD of the aerosol. 

The Venturi scrubber, as modified by the authors, was 
evaluated on a limited basis by comparison with the 
Shipe sampler and the all-glass impinger in the test 
chamber using an aerosol generated by an explosive 
fixture under conditions similar to those previously 
described. The data are presented in table 6. Again the 
Shipe sampler appeared to give better recovery than 
either the Venturi scrubber or the all-glass impinger. 


TABLE 4 


Recoveries in four samplers of small or heterogeneous aerosol droplets of Serratia marcescens 


and Bacillus subtilis spores 





| 
| 
| 


Aerosol Type of Sampler 





S. marcescens in mixed 
aerosol (small drop- 
lets*) 


Shipe sampler 

Midget impinger 

All-glass impinger 
| Capillary impinger 


B. subtilis in mixed aero- | Shipe sampler 

sol (small droplets) * Midget impinger 
All-glass impinger 
| Capillary impinger 


S. marcescens aerosol 
(heterogeneous 
dropletst) 


Shipe sampler 

Midget impinger 

All-glass impinger 
| Capillary impinger 





Plate Count per L Aerosol at Indicated Period (min): 





| 








2-3 4-5 } 8-9 16-17 
4,7007 4,550 3,500 1,820 
4,500 3,430 2,950 1,980 
3,780 3,250 2,060 1,710 
1,560 1,480 | 1,210 700 
5,340 6,930 4,230 4,800 
4,100 3,700 4,000 3,600 
5,440 4,780 4,230 4,280 
5,900 4,700 5,000 4,860 
20,400 16,600 | 10,900 5,900 
12,800 12,300 12,900 4,000 
6,800 5,400 4,000 2,800 
6,800 6,700 5,000 3,300 





* Less than 3.0 1 MMD (mass median diameter), Devilbiss no. 40 nebulizer. 





t Each value is mean of 5 samples. Suspension counts: mixed, S. marcescens, 11.7 X 10° per ml; B. subtilis, 7.1 X 10% per ml; 


S. marcescens only, 24.6 X 108 per ml. 


¢ Greater than 3.0 » MMD, explosive disseminator in test chamber. 
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Additional studies were not conducted due to the diffi- 
culty in handling and construction of this particular 
sampler. 

Further studies were conducted using relatively large 
explosive disseminators in the test sphere. Comparisons 
were made between the Shipe sampler and the standard 
impinger for collection of aerosol. Samples were taken 
at 1.5 to 2.5, 8.5 to 9.5, and 17.5 to 18.5 min after 
dissemination. Two concentrations of cell suspensions 
were used as fill for the explosive device: 1 & 10" and 
| X 10° S. marcescens cells per ml. The results and 
comparisons of ratios are shown in table 7. In all in- 
stances, recovery was greater in the Shipe sampler. It 
should be noted that the ratio of Shipe sampler to stand- 
ard impinger decreased with the length of time after 
dissemination. Data of this type indicated retention of 
larger particles within the intake tube of the standard 
impinger. 

A series of studies was undertaken in which the above 
two samplers were compared for recovery of EF. coli 
cells disseminated under similar conditions. Samples 


TABLE 5 
Shipe sampler versus the all-glass impinger for recovery of 
heterogeneous aerosol droplets of Serratia marcescens 


Estimated 
MMD at 
Time (min) :t 


Ratio of Shipe Sampler to All-Glass Impinger at 
Indicated Time Periods (min)* 


Fixture 
1-2 6-7 18-19 5-6 
“ 
1 3.1 + 0.8 1.8 + 0.6 1.4 + 0.6 4.7 
2 3.0 + 0.8 17+0.6 | 2.7240.5 6.1 
3 6.3 + 1.9 4.0 + 3.1 3.2 + 1.9 12.2 
4 5.2 + 2.3 3.2 + 1.2 2.44 1.2 10.9 


* Kach ratio represents the mean and standard deviation of 
10 to 12 samples. 

} Reliability of these values is low. MMD = mass median 
diameter. 


TABLE 6 
Shipe sampler versus the all-glass impinger and the Venturi 
scrubber for recovery of heterogeneous aerosol droplets* of 
Serratia marcescens explosively generated in the test chamber 


Plate Count per L of Aerosol Sampled 


Trial — — — 
Shipe sampler All-glass impinger Venturi scrubber 
1 690 , 000 131,000 $10,000 
2 660 ,000 130,000 430,000 
3 691,000 64,000 420 ,000 
1,220,000 1,020,000 811,000 
5 480,000 800 , 000 551,000 
6 410,000 62,000 320,000 
Mean 690 ,000 370,000 560,000 


* Aerosol particles >3.0 «1 MMD (mass median diameter) 


sgenerated by an explosive fixture. All samples taken at the 


)1.5- to 2.5-min period. 
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were taken at 1 to 2, 8 to 9, and 18 to 19 min after 
dissemination with samplers located in the top, at the 
equator, and in the well of the test sphere. These data 
are shown in table 7 and substantiated the findings 
with S. marcescens. 

The Shipe sampler was compared to the all-glass 
impinger in field trials in which S. marcescens cells were 
disseminated from an explosive device on a field grid 
area characterized by sampling stations spaced on 50- 
and 100-yard ares from the point of dissemination. 
Parallel samples were taken with both samplers at each 
station. Data from a typical trial are shown in table 8. 
From a total of 79 comparisons made on the 50-yard 
are, the ratio of Shipe sampler to all-glass impinger 


TABLE 7 
Comparison of Shipe sampler and standard impinger in 
heterogeneous* aerosols of Serratia marcescens and 
Escherichia coli in the test sphere 





Ratio of Recovery (Shipe per Standard) 
per L Air Sampled at Indicated Period 








Test Organism | Sampling Location (min): 
2 9 18 
S. marces- Bottom (A)f 13.6f 7.8 5.6 
cens (B) T.2 4.9 4.9 
E. coli Top 16.3 11.8 Y fee 
(46.1)§| (45.3) | (48.4) 
Equator | BA hb ) 6 4.1 
(44.5) (+1.9) (+1.4) 
| Bottom | 11.4 | 6.2 5 BS 
(+1.6) (+2.0) (+0.8) 





* Droplets >3.0 1 MMD (mass median diameter), generated 
by explosive disseminator. 

7 Suspension counts: A, 1,000 X 108 per ml; B, 10 X 108 per 
ml. 

t Each value is mean of 2 trials. 

§ Each value is mean of 11 or 12 trials with standard devia- 
tion of the values. 


TABLE 8 
Shipe sampler versus the all-glass impinger for recovery of aerosol 
droplets of Serratia marcescens explosively generated 
in the field in a typical trial 





| Plate Count per Unit Vol | , 
| Aerosol Sampled Ratio: Shipe 








Arc Station | —J| Sampler/All- 
| shipe | Altginss | S*# lmpineee 
| sampler impinger 

~ | | | 
Trial 1 (50 yards) 6 550 | 608 | 0.9 
7 | 3,064 | 1,020 | 3.0 
8 | 5,331 | 3,720 | 1.4 
9 | 25,662 | 10,480 2.4 
10 | 19,298 | 8,000 2.4 
| il | 6,108 1,620 | 3.8 
Trial2 (100 yards)|} 8 | 2,358 | 1,144 24 
9 7,820 5,440 1.4 
10 | 6,710 | 5,080 1.3 
| 204 | 292 0.7 
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counts was 3.13 + 3.25; and of 51 comparisons made 
on the 100-yard arc, the ratio was 2.43 + 2.43. 
DiscussION 

Data have been presented which demonstrate three 
points: The first was that recovery in the Shipe sampler 
was equal to or better than recovery in any of the 
samplers with which it was compared although its col- 
lection efficiency was slightly lower than that of the 
all-glass impinger. The second finding indicated a rela- 
tionship between particle size and the ratio of recov- 
ery. Collection of cells from aerosols of <3.0 » MMD 
resulted in a lower margin of difference between the 
samplers, particularly when sampling aerosols of spores. 
The greater the particle size the greater was the differ- 
ence between the Shipe sampler and those characterized 
by intake tubes. A third point was the fact that with 
homogeneous aerosols of <3.0 » MMD there appeared 
to be less difference between the Shipe sampler and the 
other impinger samplers when sampling aerosols of 
sporeforming organisms than of nonsporing bacteria. 
This suggests the susceptibility of the latter to certain 
impinging effects. The last two points were more thor- 
oughly investigated and are reported separately (Tyler 
et al., 1959). 
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SUMMARY 


Development of the Shipe sampler has been described 
along with comparative studies on other types of 
aerosol samplers for collection of homogeneous and 
heterogeneous aerosols of Serratia marcescens, Bacillus 
subtilis spores, and Escherichia coli. Tests were per- 
formed in various small and large aerosol units, and in 
the field. In all cases the Shipe sampler collected at 
least as many organisms from homogeneous (<3.0 1 
mass median diameter (MMD)) aerosols as did any of 
the other samplers tested. Collection of aerosols of vege- 
tative cells was greater with the Shipe sampler than 
with the other samplers tested. Studies with hetero- 
geneous aerosols indicated that the ratio of recovery 
between the Shipe sampler and other impinger samplers 
increased with increase in MMD of aerosol particles. 
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The relationships between particle size discrimina- 
tion and biological recovery in bacterial aerosol sam- 
plers were explored between 1948 and 1952 and are 
reported here. Little experimental evidence concerning 
these points has been published. Particularly deficient 
has been the measurement of the possible destructive- 
ness of samplers for vegetative forms of bacteria. Ten- 
tatively quantitative data are presented indicating that 
such killing may be a material factor in evaluating aer- 
osols. 

Several excellent studies of the theoretical behavior 
of aerosol particles have been published (May, 1945; 
Wells, 1955; Magill et al., 1956) and some of these con- 
tain experimental data derived from nonliving mate- 
rials. Meager biological data under restricted conditions 
were given by Phelps and Buchbinder (1941), duBuy 
etal. (1945), and Bourdillon (1948). Since the develop- 
ment of the all-glass impinger (AGI)* as a useful sam- 
pler, problems of particle discrimination in the inlet 
tubes of samplers became obvious. As reported, it ap- 
peared that larger bacterial droplets might be segregated 
in the inlet tube of the AGI (Tyler and Shipe, 1959), an 
effect which could be diminished or eliminated as in the 
Shipe sampler (Shipe ef al., 1959). The theoretical con- 
siderations formed a basis for predicting that the curved 
inlet tubes of the AGI and capillary impinger, and the 
various constrictions and protuberances in most liquid 
impingers, would serve as impaction surfaces for par- 
ticles above a few microns in equivalent diameter. 
However, such theories did not provide for the very 
probable variance in density and configuration of bac- 
terial aerosol droplets. It was believed, therefore, that 


only by use of comparative experiments with bacteria 
and physical tracers could a quantitative evaluation of 


these factors be attempted. 

The potential destruction of bacteria during the sam- 
pling process has received little attention, despite sug- 
gestions of their lability in disseminators (Rosebury, 


‘Present address: Department of Bacteriology, College of 
Agriculture, University of Florida, Gainesville, Florida. 

? Present address: Knoxville Branch Laboratory, Knoxville, 
Tennessee. 

’ Present address: Medical Department, Brookhaven Na- 
tional Laboratories, Upton, Long Island, New York. 

‘Later designated ‘‘AGI-4”’ indicating 4 mm clearance be- 


1947) and aerosols (Wells, 1955). Indirect but strong 
evidence of such killing of Serratia marcescens and Esche- 
richia coli was found when comparing the AGI to less 
forceful samplers (Tyler and Shipe, 1959; Shipe et al., 
1959). Attempts to explore this aspect have met with 
some success. Quantitative data are presented to show, 
tentatively, that the AGI, although quite efficient, dis- 
criminates against larger air-borne particles and causes 
significantly great killing of vegetative bacteria, variable 
with species, relative to other samplers. 


MATERIALS AND METHODS 


The bacterial suspensions, aerosol chambers, aerosol 
samplers, disseminators, and bacterial assay techniques 
were described previously (Tyler and Shipe, 1959). 
Crystal violet solutions, used for physical studies, were 
devised empirically by adding varying proportions of a 
saturated alcoholic solution to gelatin phosphate diluent 
until appropriate concentrations were attained for aero- 
sol measurement. No strong attempt was made to keep 
crystal violet concentrations identical in all tests, since 
all data were relative and depended particularly on 
particle size. Samples taken from dye aerosols were 
assayed by washing the samplers thoroughly with 95 
per cent ethanol in measured volume, and evaluating 
the concentration of dye in a Klett-Summerson! colori- 
meter with use of a standard curve made with known 
crystal violet concentrations. 

Particle-size measurements were made with cascade 
impactors designed by May (1945). The impactors were 
calibrated with ethylene glycol aerosols, and the mass 
median diameters (MMD) of aerosol particles were 
calculated. “Effective drop sizes’? were estimated in 
crystal violet samples by washing off the slide of each 
stage of the impactor with alcohol, measuring the dye 
content in a colorimeter, and calculating by May’s 
method. 

S. marcescens cells were tagged with radioactive phos- 
phorus (P*) by culturing single colony isolates in a 
mineral base glucose broth to which NasHP®O, was 
added before adjusting to pH 6.8. The flasks were incu- 
bated on a reciprocal shaker at 30 to 32 C. Empirical 
variations in the amount of P* added and in the incu- 
bation period permitted selecting cultures in which the 


5 Klett Manufacturing Company, New York, New York. 
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P® was sufficiently concentrated to permit use in aerosol 
studies. A similar empirical approach was used in “tag- 
ging” S. marcescens cells with S**, using Na S*°O, as the 
additive to the mineral glucose broth. To prepare sus- 
pensions for dissemination, cultures were harvested and 
washed twice in distilled water by centrifugation; the 
cells were resuspended in distilled water to approxi- 
mately 10 X 108 per ml immediately prior to dissemina- 
tion. Control samples were removed for plate count and 
tracer count. Tracer counting was accomplished by add- 
ing appropriate volumes (0.1 to 1.0 ml) of suspension 
or sampling fluid to a stainless steel planchet, drying 
under an infrared lamp, and counting in a thin-window 
Geiger® counter. Appropriate corrections were made for 
background count and self-absorption; the latter was 
essentially negligible for suspensions in distilled water. 

Another method also permitted direct correlation 
between total and viable recovery. A stained cell’ tech- 
nique was adapted in which an aliquot of bacterial sus- 
pension (or aerosol sample) was mixed with saturated 
aqueous crystal violet (approximately 1:1). A small 
quantity of the mixture was added to fill the chamber 
of a Spencer-Neubauer’ hemocytometer, and was 
allowed to stand for 45 min to permit settling of cells 
onto the ruled surface. All stained bodies were counted 
under the oil immersion objective of a microscope, and 
the number per ml of original sample was computed 
and recorded as “total cells.”” It was found during these 
and other studies that various, apparently nonbacterial, 
particles occasionally interfered; it was only in “clean” 
aerosols consisting exclusively of droplets from a care- 
fully prepared bacterial suspension that reliable results 
could be obtained. Distilled water for both suspension 
and sampling was filtered through bacteriological filters, 
and glassware was rinsed carefully with filtered water. 


EXPERIMENTAL RESULTS 


Discrimination in sampler inlet tubes. Early attempts 
to evaluate the numbers of bacterial droplets trapped 
in the inlet tube of the AGI were performed with mixed 
aerosols generated by a DeVilbiss® nebulizer. The sus- 
pensions contained approximately 0.8 X 10° Bacillus 
subtilis spores and 1.4 & 10° S. marcescens per ml and 
gave aerosols in the glass tube aerosol unit (Tyler and 
Shipe, 1959) of <3.0 «1 MMD. In each of five trials, 
six duplicate samplers were used, the samplers from each 
trial being refrigerated until all were available for assay, 
from 1 to 3 hr. The refrigerated samplers were then 
assayed by removing duplicate aliquots from the sam- 
pling fluid. After the residual sampling fluid from the 


6 Tracerlab, Inc., Waltham, Massachusetts. 

7 Detailed technique developed by Mr. Milton Shon, Fort 
Detrick, Frederick, Maryland. 

8 American Optical Co., Buffalo, New York. 

® The DeVilbiss Company, Toledo, Ohio. 
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vapillary was removed with a sterile cotton pledgit and 


discarded, the inlet tubes were ri 


nsed twice witli 5-m| 


aliquots of distilled water. The two washings from each 


inlet tube were pooled, and they 


and the sampler ali- 


quots were diluted appropriately and plated by the 
surface spreading method. Colonies of each bacterium 
were counted after the plates had incubated at 30 to 


32 C for 24 to 36 hr. The results ( 
relatively few spores were trapped 


table 1) revealed that 
in the inlet tube when 


sampling small droplets. Recoveries of S. marcescens 
from the inlet were even less in proportion to those in 


the sampling fluid. It was learned 


later (see below) that 


this could be explained in part by the death of cells 
trapped in the inlet, during sampling, and during re. 


frigerated storage. 


A series of tests with larger aerosol particles was per- 


formed in the test chamber (Tyler 


and Shipe, 1959) with 


explosive dissemination of S. marcescens. Although not 
measured in this series, previous data indicated that 


the aerosol was of heterogeneous ¢ 


lroplet size, averaging 


about 5 « MMD at the first sampling time. The assay 


of samplers was performed as a 


bove, except that all 


samples were plated within 15 min after completion oi 


sampling. The mean percentage 


of S. marcescens re- 


covered from the inlet tube as compared to the total 


from sampler plus inlet tube at 
periods was: 


the various sampling 


4 Min 9 Min 18 Min Avg 
Per cent total in inlet 22.5 13.4 14.7 16.7 
Standard deviation of 
PRM a mesa yas +12.2 +6.3 +13.4 +114 
No. samplers........ 11 12 12 35 


These values suggested that the larger particles, and 
perhaps earlier assay, gave much higher retention values 


TABLE 1 


Apparent retention in inlet tube of all-glass impinger (AGI) o 


Bacillus subtilis spores and Serrat 


B. subtilis Spores 


ia marcescens collected 


from aerosols of small droplets 


S. marcescens* 


Trial = ee na 5 er ee 

No. - . | No. per " - No. per 

No. f No. f ; ; No. f No. f : 
sampler | inlet | ,dmlet/ | “sampler | inlet | , inlet 
xm | xm | % | xm | xm | % 
1 4007 1.930 0.49 540 | 0.980 0.18 
2 392 0.689 0.18 597 | 0.865 0.14 
3 353 0.469 | 0.13 432 0.446 0.10 
4 320 0.464 0.14 336 0.348 ().10 
5 330 0.396 0.12 519 0.369 0.07 
Mean (60 samplers)...... 0.21 0.12 
= 2, ) a ee +0.15 +0.04 


* The refrigerated samplers were 
the samples were collected. 


assayed several hr afte! 


+ Aerosol MMD (mass mean diameter) < 3.0 u. Each valle 


represents the mean of 12 samplers. 
$.D. = standard deviation. 
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in the inlet tube. It was noted that the percentage re- 
tained decreased between the first and second sampling 
period, possibly ascribable to a decrease in number of 
larger droplets remaining air-borne. This was confirmed 
in another series, similarly performed, using more 
widely spaced sampling intervals: 


2 Min 29 Min 59 Min 
Per cent total in inlet : 33 22 es 
Standard deviation of values.... +6 +5 +1.8 
No. samplers....... cee 9 9 9 


To evaluate the relative retention of various parts of 
the inlet tube of the AGI, samplers were modified by 
cutting off various portions of the exterior tubulation: 
all of the curved portion only; and all external tubing, 
with the resulting edge of the joint ground smoothly. 
Sets of these samplers were tested in parallel with un- 
modified AGI in explosively disseminated aerosols in the 
test tank (Tyler and Shipe, 1959). The summarized re- 
sults (table 2) illustrate two important findings: (a) 
that the modified samplers recovered, in both inlet and 
fluid, more than twice as many S. marcescens as the 
unmodified samplers; (b) that, since the apparent inlet 
retention in the modified samplers was severalfold 
greater than in the unmodified, there must have been 
appreciable destruction of S. marcescens impacted in 
the full inlet tube during the sampling process. The 
contribution of particle fall-out to the difference 
between modified and unmodified samplers was dis- 
counted by consideration of the short sampling time 
(1 min) and the differences still apparent at later sampl- 
ing periods (not shown in data). 

The tests reported above demonstrated the need for 
a more reproducible procedure than that afforded by 
spore aerosols, and for one which would not be com- 
plicated by considerations of bacterial delicacy for quan- 
titative estimation of droplet discrimination. Crystal 
violet dye was chosen for its ease in handling, sensitivity 
in detection, and precision of measurement in a colori- 


TABLE 2 
Apparent retention in modified inlet tubes of all-glass impinger 
(AGI) of Serratia marcescens collected from static aerosols 


Calculated No. 


Colonies Recovered Inlet Mean 


No Re- 

Sampler Modification Samples ‘ = ey 
Sampler +) Sampler > 

inlet wash | fluid only Sampler 

7 , x 108 x 108 % 
Unmodified...... 26 13:8" 9.0 3.1 
+2.8 +2.3 | +14.0 
Curve removed. . . 26 26.8 11.6 58.4 
+8.5 +6.7 | +11.5 
Exterior tube removed 26 27.9 13:3 53.2 
+8.5 +7.3 | 415.0 


* Hach value is average of samples taken at 2, 9, and 17 
min after dissemination in the test tank, 9 trials, and standard 
devixtion of the values. 





meter. Solutions of crystal violet in distilled water or 
gelatin-phosphate diluent were prepared and dissemi- 
nated by a DeVilbiss nebulizer, Chicago!’ atomizer, or 
variously adjusted Binks" nozzles into a laminar-flow 
wind tunnel. The concentration of dye, composition of 
diluent, and type of disseminator were empirically 
tested to give a wide range of droplet sizes in the aero- 
sols. Particle size was determined by the effective drop 
size technique (May, 1945) in cascade impactors oper- 
ated parallel to AGI. The AGI were operated without 
sampling fluid; tests with cotton collectors in series 
downstream demonstrated that less than 1 per cent of 
the dye escaped in the exhaust. The amounts of dye 
collected on slides at each cascade stage and the 
amounts collected in AGI inlet and bottle separately 
were assayed by washing carefully in 50 per cent 
ethanol, adjusting the volume to a known value, and 
determining quantity by transmission in a Klett-Sum- 
merson colorimeter and comparison with a standard 
curve. The results are illustrated in figures 1 and 2. 
Despite some variability, the percentage of dye retained 
in the inlet tube increased nearly linearly as the caleu- 
lated MMD of the droplets increased; at 2 1 MMD 
the retention was less than 10 per cent, whereas at 20 
u MMD retention averaged near 65 per cent. A more 
critical analysis was permitted by calculating the per- 
centage of the total mass of droplets falling below vari- 
ous diameters and comparing with retention in the inlet 
tube. Analysis showed that the logarithm of percentage 
retention varied inversely with mass percentage below 
5 w toa high level of correlation (figure 2). It was found 
by this analysis that the retention was well below 5 per 


1 See Rosebury (1947). 
4 Binks Manufacturing Co., Chicago, Illinois. 
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Figure 1. Effect of particle size on retention of crystal violet, 


aerosols in the inlet tube of the all-glass impinger. MMD = 
mass mean diameter. 
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cent when nearly 90 per cent of aerosol particle mass 
was below 5 yw. Retention exceeded 60 per cent when less 
than 20 per cent of the particle mass fell below 5 u. 
These data confirmed earlier tentative conclusions from 
biological tests that, in aerosols of very small particles, 
the AGI samples with little or no discrimination. 

Tests performed with modified inlet tubes (table 2) 
had shown appreciable retention of larger particles even 
when the exterior tubulation was removed. A few trials 
were performed later with dried S. marcescens in which 
visual appearance only was used to estimate the loca- 
tions of principal retention in unmodified and modified 
inlet tubes of the AGI. These observations suggested 
that the curved portion was most important, although 
some impaction occurred near the entrance even when 
the curve was removed. Furthermore, the quantity of 
particles impacted where the inlet tube constricted to 
capillary bore increased visibly as the length of exterior 
tubulation was decreased. Quantitation of the amount 
of material collected at the constriction as related to the 
inlet tube as a whole was undertaken by the crystal 
violet aerosol technique as described. The dye collected 
in the constriction was removed by dipping the capillary 
and lower 14 in. of tubing into solvent; the dye collected 
in the upper portion of the inlet was then washed out 
as was that in the sampler bottle. Each portion was 
analyzed by the colorimetric method. It was found 
(table 3) that, although the proportion of dye in the 
constriction was quite variable with aerosols of different 
particle sizes, there was a trend toward higher quanti- 
ties with smaller particles. Nevertheless, the total quan- 
tity collected in the constriction relative to collection in 
the whole sampler was quite small, and the upper por- 
tion of the inlet tube was implicated as the major source 
of particle size discrimination in the AGI. 
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Figure 2. Effect of decreasing percentage of particles of crys- 
tal violet below 5 w on retention in the inlet tube of the all- 
glass impinger. 
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Killing of vegetative bacteria by liquid impinge nent, 
The possibility of killing some proportion of living 
bacteria taken in by such samplers as the AGI was sug- 
gested by previous results as well as by theoretical esti- 
mates. Attempts to quantitate such an effect, if it oe- 
curred, were complicated by inability to separate clearly 
between loss by discrimination (impaction) and by kill- 
ing, and by the difficulty of estimating the number of 
living bacteria expected to be available in the aerosol 
for sampling. Previous experience with B. subtilis spores 
as tracers of assumed indestructibility led us to believe 
that the variability associated with germinating and 
clumping irregularities made them too insensitive for 
this use; experimental attempts convinced us that this 
was true. Attempts to achieve unicellular particles in 
spore aerosols were unsuccessful. 

The attractive possibilities of tagging bacteria with 
radioactive tracers, whose sensitivity to detection was 
sufficiently refined, led to several experiments. S. marces- 
cens, cultured with Na2HP®O,, was found to take up 
sufficient tracer to permit measurement of it in aerosol 
samples. Such suspensions were disseminated from dis- 
tilled water by a DeVilbiss nebulizer into the plastic 
sphere unit, giving an aerosol of <3.0 1» MMD. Shipe 
samplers and AGI containing distilled water were used 
in pairs to sample the aerosol. Immediately after sam- 
pling, each was assayed by bacterial plate count and by 
isotope count. The measured recoveries of viable cells 
and of isotope were adjusted to a common basis by com- 
puting the percentage of each recovered in the sampler 
on the basis of the amount (0.15 ml) of suspension dis- 
seminated. Obviously, this did not compensate for losses 
during dissemination and passage through the appara- 
tus; it did give a comparable basis for comparing the 
samplers. The results of five trials, with six pairs of sam- 


TABLE 3 
Relation between particle size of crystal violet aerosols ani 
retention in the all-glass impinger (AGI) inlet tube* 


Dye in Constriction/ 


Dye in Constriction/ 
Total Dye in Inlet 


Aerosol MMDt Total Dye in Sampler 


oO ov 
c c 


2.2 35.0 1.51 
3.5 25.7 1.72 
1.0 21.0 3.10 
4. 15.1 1.90 
4.5 8.0 1.42 
4.6 es 1.41 
6.3 9.4 2.94 
7.0 20.9 6.82 
7.2 4.1 1.96 
11.0 11.1 1.78 
11.0 4.7 4.49 
12.0 6.5 2.66 
13.0 4.4 1.82 
18.0 5.2 2.97 


* Tests performed in a laminar flow wind tunnel. 
+ MMD = mass mean diameter. 
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plers in each (table 4) demonstrated that, by this tech- 
nique, the AGI collected slightly but not significantly 
more tracer than the Shipe sampler. The Shipe sam- 
plers, on the other hand, contained 23 per cent more 
viable cells than the AGI, a highly significant difference. 
The ratio of viable cells to tracer count in each sampler 
also, of course, indicated as 23 per cent higher viable: 
total recovery in the Shipe samplers. 

A similar series of tests was performed comparing the 
Midget impinger“ and AGI. In four trials with six 
paired samplers per trial (table 4), it was found that 
the Midget impingers contained significantly less iso- 
tope and fewer viable cells, giving viable: total ratios 
of the same magnitude. Controls indicated the pres- 
ence of appreciable extracellular P® in the aerosol sam- 
ples, however, making interpretation questionable. 

The difficulty of obtaining firmly tagged cells with 
P® led to investigation of S*° as a tracer. Preliminary 
studies showed that high isotope counts could be ob- 
tained with S. marcescens cultured with Na.S*O,, and 
that extracellular isotope was negligible in such cul- 
tures after washing with distilled water. Trials similar 
to those with P*® were performed in which the Shipe 
sampler, Midget impinger, and AGI were tested in par- 
allel in aerosols of tagged S. marcescens, <3.0 » MMD, 
in the plastic sphere unit. A summary of six parallel 
tests (table 5) showed that the AGI and Shipe samplers 
contained equal amounts of tracer, the Midget im- 
pingers having significantly less. The viable cell counts, 

Mine Safety Appliance Company, Pittsburgh, Pennsyl- 
vania. 
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on the other hand, indicated higher recoveries in the 
Shipe samplers and Midget impingers than in the AGI. 
An analysis of the ratios of viable:tracer recoveries in 
the three samplers demonstrated superiority of the 
Shipe sampler and Midget impinger over the AGI by 
about 29 per cent; in the Midget impinger, of course, 
this reflected lower total as well as viable recoveries. 

Concurrently with isotope tracer studies, another 
technique for estimating total cell recovery was at- 
tempted. It involved staining cells of S. marcescens in 
control suspensions and aerosol samples with crystal 
violet, and making stained cell counts in a hemocytom- 
eter. The assumption was made that all cells, living 
or dead, were stained and countable. Trials comparing 
the Shipe sampler and AGI with small aerosol drop- 
lets were performed by the usual method in the plastic 
sphere unit. Thirty-one comparisons were made, using 
a suspension which gave a ratio of viable to stained 
cells of about 0.5, the plate count approximating 10 X 
10° per ml. The results, calculated to numbers recov- 
ered per L of aerosol sampled, were: 


Plate Count Stained Cells Viable Count: 
x 106 


X 10°/L L Total Count 
[|S a eee eee (fe 16.8 0.48 

+0.36 +0.57 +0.02 
Shipe samplers. ........ 11.6 19.7 0.58 

+0.54 +0.63 +0.02 


Thus, it was apparent that, with these small particles, 
the Shipe samplers collected significantly more viable 
cells and more total cells than the AGI. More impor- 
tantly, the Shipe samplers contained a very signifi- 


TABLE 4 


Relative viable and total recoveries in three samplers of Serratia marcescens aerosols tagged with P* 


Suspension Counts per ml 


Sampler Type Trial No. 

Plate Tracer Test 

x 108 cps X 108 % 
Shipe samplert ] 7.2 4.4 10.7 
2 13.0 18.8 11.0 
3 13.0 18.8 10.6 
4 73 9.7 8.2 
5 re | 9.7 9.9 
Mean...... 10.1 
S.D. (mean) . : ‘ +1.8 
Midget im- ] 0.83 32.9 10.5 
pingert 2 0.83 2.9 10.0 
3 10.5 5.6 13.1 
4 10.5 5.6 12.9 
Mean..... , & ae Ag 11.6 
S.D. (mean). . 7 Roboteaen +2.9 





* Percentage of total numbers of bacteria, or total tracer, sprayed from 0.15 ml that were collected in sampler fluid. 


Viable Recovery* 


Tracer Recovery* Viable/Tracer 


AGI Test | AGI Test | AGI 
G3 ys ae f 21.5 43.3 32.5 
9.4 22.2 23.6 50.5 41.7 
9.3 22.8 24.7 45.2 35.0 
i pe 26.5 29.2 30.5 24.3 
8.7 26.2 32.4 38.5 26.8 
8.2 24.8 26.4 41.5 32.0 
+1.8 +5.1 +6.4 +9.3 +7.9 
14.1 15.1 21.4 71.3 67.8 
7.4 13.8 22.8 69.9 76.2 
21.9 18.8 21.6 68.7 74.3 
16.8 20.2 27.8 62.6 59.7 
17.6 17.0 24.9 68.2 69.8 
+4.0 +4.3 +6.0 +12.1 +12.2 





} Six paired samplers per trial, mean represents 29 sampler pairs (one lost). 


ft Six paired samplers per trial, mean represents 24 sampler pairs. 


AGI = all-glass impinger; 8.D. = standard deviation. 
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cantly higher proportion of viable:total cells. The ra- 
tio of viable: total cells in the Shipe samplers compared 
favorably with the ratio in the control suspension, but 
insufficient data were collected from the latter to per- 
mit analysis of the correlation. On the assumption that 
the stained cell counts in the Shipe samplers repre- 
sented 100 per cent of recoverable aerosol, the Shipe 
samplers averaged 23 per cent greater viable cell re- 
recovery than the AGI. 

Since technical difficulties were encountered with 
both isotope tracer and stained cell techniques, tests 
were performed in which both methods were employed 


TABLE 5 
Relative viable and total recoveries in three samplers of Serratia 
marcescens aerosols tagged with S** 





Sampler Type | Mean Viable* | Mean Tracer* | Viable/Tracer 








Recovery Recovery 
—_ % | % 774 % 
All-glass impinger... 9.0 (41.7)/36.7 (45.5)|24.4 (43.7) 
Midget impinger....../10.1 (+2.0)|29.2 (+45.1)|34.7 (44.2) 


Shipe sampler.........|12.3 (+2.3)|86.2 (45.5)|34.4 (45.5) 








* Means of 6 samplers each, run in parallel. Control counts: 
14.1 X 108 per ml, plate count; 13.03 X 10* eps per ml, tracer. 


TABLE 6 
Relative viable and total recoveries in the all-glass impinger 
(AGI) and Shipe sampler of Serratia marcescens, with P® 
or stained cells as a physical measure 





Mean Ratio Viable/Total, Per Cent Recovery* 





























Day 'Replicate Trial No. P22 tracer Stained cell 
AGI Shipe AGI Shipe 
1 A 7° 0.918 1.074 0.813 0.977 
2 0.971 1.026 0.705 0.944 
B 1 0.723 0.755 0.653 0.840 
4 0.906 | 0.847 0.944 0.910 
2 A 1 0.620 0.819 0.521 0.692 
| 2 0.594 0.791 0.512 | 0.705 
B 1 0.851 0.881 0.766 0.798 
2 0.826 0.940 0.675 0.867 
| A 1 0.695 | 0.910 0.618 0.863 
| | 2 0.871 | 0.935 0.466 0.738 
| B | 1 0.728 | 1.227 | 0.634 | 0.959 
| «2 1.000 1.367 0.900 1.172 
4 A | 1 0.962 | 1.297 0.889 1.099 
2 0.977 1.309 0.834 1.047 
B 1 0.995 | 1.021 0.826 1.023 
2 0.904 1.045 0.789 0.849 
DERE cp osn sexes 0.839 | 0.995 | 0.706 | 0.895 
Ratio: AGI/Shipe. .. 84% 79% 





* Per cent recovery as measured by plate count (viable), or 
radioactive or stained cell count (total). Each value represenis 
the mean of 4 samplers. 
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on the same suspension of P*-tagged S. marcescens, 
Duplicate comparisons of the Shipe sampler and AGI 
were made in each of two replicate trials on each of 
four days in the plastic sphere unit (aerosol \{MD 
<3.0 uw). Each aerosol sample was assayed for isotope 
(P**), stained cells, and viable cells by plate count. The 
results were adjusted to a common basis by computing 
percentage recoveries based on control counts and vol- 
ume disseminated. Ratios of percentage of viable: total 
recovery (table 6) demonstrated the same relative re- 
lationships between the Shipe samplers and AGI: the 
former gave higher viable recovery in relation to total 
recovery. The difference in ratios between data ob- 
tained with isotope and stained cells was significant, 
although relatively small. The relative killing effect of 
the AGI compared to the Shipe was 16 per cent, esti- 
mated with P® tracer; and 21 per cent, estimated with 
stained cells. 

Killing effect of AGI with other bacterial species. The 
destructive effects of impingement shown with S. mar- 
cescens suggested that there might be marked killing 
with other species of bacteria. Two experiments tended 
to confirm this, but data were inadequate to ascribe 
high certainty to the quantitative values obtained. 
Tests with Brucella suis gave comparative recoveries 
with the Shipe sampler 2- to 6-fold higher than with 
the AGI, with precaution taken to equalize particle 
discrimination. Comparative tests with small-particle 
aerosols of Pasteurella tularensis were reported" in 
which the Shipe sampler recovered 2- to 5-fold more 
viable cells than the AGI. 


DISCUSSION 


The data presented here add quantitative evidence 
regarding two parameters of aerosol sampling for bac- 
teria with the better models of liquid impingers: par- 
ticle discrimination by mass, and killing of vegetative 
bacteria. Combined with earlier reports of efficiency of 
collection (Tyler and Shipe, 1959), a fairly reasonable 
estimate of over-all usefulness of the AGI and related 
samplers may be made. The properties of the AGI may 
be summarized as follows: (a) it is highly efficient 
in removing bacteria from air, with less than 1 per 
cent loss in exhaust air; (b) the standard inlet tube dis- 
criminates against air-borne particles of larger sizes, re- 
moving by impaction most of those whose equivalent 
diameters exceed 18 to 20 yw, and collecting in the sam- 
pling fluid more than 95 per cent of those below 5 4; 
(c) the bacteria impacted in the inlet tube, if they are 
as sensitive as S. marcescens, die rapidly in situ, mak- 
ing quantitative recovery by washing the inlet tube 
questionable; and (d) the direct, normal impingement 
from a jet 4 mm above the bottom of the bottle, or 
some other unknown force, causes material destruc- 


13 Personal communication from Dr. Henry Eigelsbach, MB 
Division, Fort Detrick, Frederick, Maryland. 
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tion of living bacteria such as S. marcescens, B. suis, or 
P. tularensis. 

Of the other types of liquid samplers examined, only 
the Shipe sampler appears to offer limited advantages. 
The liquid bubbler samplers, exemplified by the Midget 
impinger, are quite inefficient in collection although 
they may at the same time be less destructive; certainly 
their inability to entrap smaller air-borne bacterial par- 
ticles is a serious defect. The Shipe sampler, in its pres- 
ent design, is slightly less efficient than the AGI for 
small particles; precise estimates were not made of the 
low limit of particle sizes entrapped. It has the quality 
of being relatively nondiscriminatory to larger air- 
borne particles; this is advantageous where knowledge 
of total air-borne content is desired. Its greatest merit 
is its appreciably lesser killing effect for delicate bac- 
teria, presumptively resulting from the tangential mode 
of impingement into liquid. 

Unfortunately, direct comparison of the liquid im- 
pingement type of sampler to other types is not pos- 
sible with published data. The assumption that im- 
pingers measure individual bacteria whereas agar im- 
pingement devices measure bacterial particles has not 
prevented subjective comparisons in some publications. 
The various studies made of such samplers as the Wells’ 
centrifuge and the several agar impingement devices 
have not included direct comparison with samplers like 
the AGI. More importantly, critical examination has 
been made of only one or two of the significant param- 
eters. The studies of duBuy et al. (1945) and of Phelps 
and Buchbinder (1941) lead one to believe that the rel- 
atively low collection efficiency may be a material de- 
fect in both centrifuge and agar impingement devices. 
Whether these and such newly designed samplers as the 
Anderson impactor (Anderson, 1958; Spendlove, 1957) 
kill significant numbers of vegetative bacteria seems to 
be unknown. An important need for comparative evalu- 
ation is here made evident. 

It is important to note that, despite relatively ex- 
tensive testing under highly standardized conditions, 
the replication of quantitative values reported here was 
not as precise as might be desired. This was due, in no 
small part, to the complex of variables involved in cre- 
ating, controlling, and sampling bacterial aerosols. 


_ Many variables are very difficult to control, standard- 


ize, or measure. In many instances, attempts to reduce 
complexity by analysis and simplification of experi- 
mental procedure merely raised serious doubts of the 
validity of resulting data; interactions have been shown 
to be of considerable influence. The logical conclusion, 
then, is that studies with aerosols must be carefully 


| planned and analyzed for statistical validity, and inter- 


preted within objectively determined limits. 
No attempt was made herein to evaluate the rela- 
tively subjective factors influencing choice of samplers. 


It is reasonable that different types of samplers may be 
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chosen to serve different objectives. It is obvious, how- 
ever, that the choice should be made with full knowl- 
edge of the quantitative values of the various param- 
eters affecting behavior of chosen samplers, or with 
realization that lack of such information, objectively 
measured, reflects on the validity of collected data. 
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SUMMARY 


The particle size selectivity of the inlet tube of the 
all-glass impinger (AGI) was evaluated by various bio- 
logical and physical techniques of aerosol study. It was 
found that, in general, the AGI collected in sampling 
fluid nearly all particles of bacteria or crystal violet 
dye below 5 uw equivalent diameter. An increasing pro- 
portion of such particles were trapped by impaction in 
the inlet tube as equivalent diameter increased; nearly 
all particles of 20 u were so trapped. Serratia marcescens 
particles impacted in the inlet tube lost viability rap- 
idly. 

Comparisons of the AGI, Shipe, and Midget im- 
pinger samplers with isotope-tagged S. marcescens, and 
with a stained cell technique of measuring total cell re- 
covery from aerosols, indicated that considerable de- 
struction of viable cells occurred in the AGI. This ap- 
proximated 20 to 25 per cent relative to the Shipe 
sampler. Meager evidence suggested that the Shipe 
sampler killed few if any S. marcescens. Tentative data 
from a very few tests with Brucella suis and Pasteu- 
rella tularensis indicated that the relative killing effect 
of the AGI may be of greater magnitude. 

The relative advantages and disadvantages of the 
Shipe sampler, AGI, and other types are discussed. 
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The quality of hay-crop silage has often been related 
to the chemical composition of the finished product, 
but detailed investigations on the step-wise chemical 
changes occurring during the fermentation have sel- 
dom been reported. Conversely, the relationship be- 
tween silage quality and the changing bacterial spec- 
trum is not clearly understood. Although the bacterial 
changes during the storage period have been plotted 
by several workers, the significance of their results has 
been difficult to determine because simultaneous chem- 
ical studies were not included. Furthermore, most ex- 
periments have been conducted on miniature or experi- 
mental sized silos, and it has never been proved that 
these results are applicable to the fermentations occur- 
ring in farm sized silos. 

Consequently, the main object of the present inves- 
tigation was to interrelate silage quality with both the 
chemical and bacterial changes which occur when grasses 
and legumes are ensiled in full-sized silos on typical 
farms. Since this study was completed, Langston et al. 
(1958) have published the results of similar investiga- 
tions with experimental sized silos. 

The chemistry of forage-crop silage has been compre- 
hensively reviewed by Barnett (1954). It has been re- 
peatedly confirmed that when well preserved silages 
are compared to spoiled silages the former have low 
pH values, large amounts of lactic acid, and small 
amounts of butyric acid and volatile base. 

The lactic acid bacteria are the most important 
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agents of silage preservation, although they are not the 
only bacteria present in normal fermentations (Burkey 
et al., 1953). Kroulik et al. (1955a, b) found very few 
lactic acid bacteria on fresh crops, but normally there 
were as many as 10° to 10'° per g within a day or two 
after ensiling. Although homofermentative rods carried 
out the main lactic fermentation, pediococci and strep- 
tococci were observed in the early stages of the fermen- 
tation, and heterofermentive rods predominated later 
in the storage period. The population of lactic acid 
bacteria can be modified by wilting (Kroulik et al., 
1955b), mincing (Stirling, 1951), and other factors 
(Barnett, 1954). 

Beynum and Pette (1936) were the first to attribute 
the butyric acid associated with spoiled silage to the 
lactate-fermenting activity of Clostridium tyrobutyri- 
cum. The characteristics of this organism have been 
detailed recently by Bryant et al. (1952). Unfortu- 
nately, all reports of clostridia have been based on spore 
counts. Rosenberger (1951) cautioned against the use 
of spore counts to measure lactate-fermenting activity, 
since these organisms do not form spores during the 
stage of their most rapid development, but only after 
active growth ceases. In our study, lactate-fermenting 
anaerobes were detected in the vegetative state. 

The course of the fermentation is undoubtedly influ- 
enced by factors such as the plant species, the moisture 
content, and the maturity of the crop; but the relative 
importance of each factor has not been clearly defined. 
The silages studied for this report were prepared under 
a wide range of field conditions. Weather data were 
collected and details of the harvesting procedure were 
recorded in an attempt to relate silage quality to en- 
vironmental conditions at the time of ensiling. 


EXPERIMENTAL METHODS 


The silages were prepared by individual farmers on 
randomly selected farms in Michigan’s Eaton and Ing- 
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ham counties. Before harvesting, the amount of each 





7 plant species in the crop mixture and the quality of 
am- the stand were estimated. At the time of harvesting, 
lass the date, time of day, temperature, relative humidity, 
and the interval since the last rainfall were recorded. 
- The amount of cloud cover was estimated. Details of 
the harvesting procedure were noted, such as whether 
the crop was swathed and whether wilting had taken 
place. The size and type of silo were also recorded. 

Temperature profiles of the top 6 to 7 ft of silage 
were obtained by inserting thermocouples at intervals 
of 1 ft. Profiles were obtained only for representative 
silages, and only twice during the storage period, but 
the temperature of each sample was recorded with a 
a thermometer immediately before sampling. 

Sampling methods. Samples of the fresh plant mate- 
rial were taken at the instant the forage was being fed 
into the silo, at a time when the silo was about 3 ft 

the from being full. In upright silos, subsequent samples 
rkey of the fermenting silage were taken at a mean depth of 
cea 3 ft so that the silage samples would correspond to the 
here samples of fresh forage. In the more tightly packed 
two bunker silos, samples were taken at a depth of 1 ft. 
ried Silage samples were taken at least twice in the first 10 
rep- days after ensiling and at approximately 2-week inter- 
nen- vals thereafter during the storage period. 

later Silage quality was estimated at the time of sampling 
acid on the basis of general appearance and odor. It was 
y 5 found that most silages could be classified either as well 


ctors preserved or obviously spoiled. Where insufficient care 
was taken in packing, the silage became grossly over- 
bute | heated to a depth of as much as 12 ft, as evidenced by 
» the | temperatures in excess of 125 F. Since this occurred all 


uyri- | too frequently, a study of the changes occurring in this 
been | overheated layer was included. The results of subse- 
ortu- | quent chemical and bacterial analyses showed that the 


spore | Silages within the well preserved, spoiled, and overheated 
e use | groups were reasonably similar, but that the groups 
vitv, | Were remarkably different. Of 27 silages observed, only 
y the | lL had to be classified as “intermediate” in quality. 
after In the upright silos it is recognized that a sample 
nting | from a depth of 3 ft cannot be considered as represent- 
ing the entire silage. However, when the silage was 
influ. | adequately packed, temperature readings indicated that 
isture — the silage at this depth was not subject to the rise in 
lative — temperature which was characteristic of the surface 
fined. | layers. It was possible to obtain samples from varying 
under | depths from the relatively shallow bunker silos, but 

were — analyses of several samples taken from other depths in- 
. were — dicated that samples from a depth of 1 ft were repre- 
to en- & sentative of the silo. 

All samples were packed in 1 qt polyethylene freezer 
bags, sealed, and transported to the laboratory in a 
portable chest containing Dry Ice. 














ers ol Bacteriological analyses. A finely cut, 10-g portion of 
d Ing- F each sample was placed in a Waring Blendor with 90 





_ mil of isotonic saline, and agitated for 10 min at a slow 
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speed. Suitable dilutions were made for the preparation 
of culture plates. The remainder of the sample was re- 
sealed, quick frozen and stored at —4 F for future 
chemical determinations. This procedure is analogous 
with that developed by Kroulik et al. (1955a). 

The lactic acid bacteria were enumerated on LBS 
medium (BBL)* and counts of the “total”? number of 
organisms capable of growing anaerobically were ob- 
tained by the use of Brewer plates and anaerobic agar 
containing glucose and Eh indicator (BBL). The inter- 
val between sampling and the completion of plating 
rarely exceeded 6 hr. 

Representative isolates from the anaerobic agar were 
purified by further passage through tubes of the same 
medium. Those isolates which proved to be obligate 
anaerobes by their zone of growth in stab cultures 
were tested for proteolytic and lactate-fermenting abil- 
ity in the media designed by Rosenberger (1951). 

The morphological and fermentative characteristics 
of 542 isolates from LBS medium were also recorded. 

Chemical analyses: The samples were cut into 14-in. 
lengths with hand scissors while in a semifrozen state 
and immediately refrozen. The extractions for organic 
acids and volatile bases were begun while the samples 
were still frozen. 

The ywmoles of butyric, propionic, acetic, formic, 
lactic, and succinic acids per g of fresh matter were de- 
termined chromatographically by the method of Wise- 
man and Irwin (1957). 

Volatile bases and amino acids were measured by the 
Woodman (1925) modification of the Foreman method. 
The experimental details of this procedure have been 
outlined by Barnett (1954). Extracts were made in 2-L 
serew-cap bottles on a shaker which reciprocated 
through 5 in., 75 times per min. Results were expressed 
as umoles of acid or base per 100 g of fresh matter by 
an adaptation of the formula given by Watson and 
Ferguson (1937). 

To determine the pH, 3 to 5 g of material were added 
to 20 ml of distilled water in a 50-ml beaker. The mix- 
ture was stirred and the pH was measured with a Beck- 
man® model G pH meter. 

The moisture content was calculated from the weight 
loss of 5-g samples which had been heated in a dry 
oven at 221 F for 24 hr. In addition, the amount of 
carbohydrate was determined by a modification of the 
phenol-sulfurie acid method developed by Koch et al. 
(1951), and protein was calculated from values obtained 
by the Kjeldahl nitrogen technique. 


RESULTS 
Complete analytical data for individual silages have 


been given elsewhere (Kempton, 1958). Originally, ob- 
servations were made on 27 different silage batches. 


5 Baltimore Biological Laboratory, Inc., Baltimore, Mary- 
land. 
6 Beckman Instruments, Inc., Fullerton, California. 
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The results presented here have been drawn from 13 
silages which did not receive any pretreatment or pre- 
servatives and on which the most complete observa- 
tions were made. Of the 13 silage batches, six were in 
the well preserved class, five were spoiled, and two had 
been excessively overheated. A general description of 
these silages is given in table 1. Each graph has been 
drawn from the data of only one silage, but similar re- 
sults were obtained from every other silage in the re- 
spective quality group, except where specifically noted. 

After 3 weeks in the silo, the temperature in an over- 
heated silage was still 138 F at sampling depth, as 
shown in table 2. This entire batch was overheated 
since the silage was only 7 ft deep. Temperature in the 
upper layers of two upright silos shows the effect of 
different packing procedures, but both of these were 
“well preserved” at sampling depth. Covering the si- 
lage was more effective than tramping in preventing 
overheating. There was less fluctuation in the more 
tightly packed bunker silos but, after being ensiled 3 
weeks, there was no appreciable temperature differ- 
ence between spoiled and well preserved silages. 

The accumulation of organic acids in a typical, well 
preserved silage is given in figure la. All other well pre- 
served silages showed comparable, steady increases in 
lactic acid and a small constant level of succinic acid. 
Formic acid was present in trace amounts in all sam- 
ples but butyric and propionic acids were never found. 
In all the spoiled silages (figure 1b) there was an initial 
lactic fermentation, but the lactic acid was later re- 
placed by butyric and propionic acids in an approxi- 
mate ratio of 2:1. Figure lc indicates that the over- 
heated silages underwent an acetic fermentation for the 
most part, although a small amount of lactic acid did 
accumulate. 
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The amount of acetic acid was not related to quali: y, 
All silages studied, regardless of quality, contained 
maximum acetic acid concentrations in the relatively 
narrow range of 88 to 213 wmoles per g. Peak acetic avid 
concentration was reached earlier in some silages than 
in others, but this bore no relationship to quality. 

The effect of acid production on the pH changes in 
well preserved and spoiled silage is given in figure 2. 

The accumulation of amino acid and volatile base 
in a well preserved silage and a spoiled silage is com- 
pared in figure 3. A substantial accumulation of amino 
acid accompanied by a small amount of volatile base 
was observed in all well preserved silages and was also 
found in both overheated silages. Compared to well 
preserved silages, all spoiled silages exhibited a con- 
siderably greater production of amino acid soon after 
ensiling. In all but one of the spoiled silages, a large 
amount of volatile base was produced at the expense 
of amino acid in the later periods of storage. Silage 10 
was Classified as “‘spoiled,’’ but excessive volatile base 
was not produced although all the lactic acid had been 
replaced by butyric and propionic acid. 

Examples of the number of silage bacteria capable 
of growing on LBS medium at different periods of stor- 
age are shown in figure 4. In the first few days after en- 
siling, a rapid multiplication of lactic acid bacteria oc- 
curred in both well preserved and spoiled silages. After 
a gradual decline in numbers over the next 3 to 4 weeks, 
75 per cent of the well preserved and spoiled silages 
showed a secondary increase in lactic acid bacteria such 
as is pictured in figure 4. The overheated silages were 
characterized by the failure of the lactic acid bacteria 

to increase over the number present on the fresh crop. 
Isolates from LBS medium included pediococci, diplo- 
rods, and long rods with a wide range of fermentative 


TABLE 1 








General description of crops and silages 


Composition at End of Storage 
Period: Fresh Matter (umoles/g. 



































Quality Group Silo No. Silo Type Date Filled Crop Quality of Crop imi... ae ; 
Lactic | Butyric | Volatile 
| acid | acid | ase 
Well preserved 1 Upright June 26 June clover Excellent 4.4 180 | 0 | 2 
2 Upright June 21 Alfalfa, brome Excellent 4.1 245 0 35 
3 Upright July 16 Oats Excellent 4.4 | 149 | 0 43 
4 Upright July 3 Alfalfa, alsike Excellent 5.2 113 | 0 42 
5 Upright June 29 Alfalfa Good 4.4 138 0 57 
6 | Upright July 3 Mammoth clover Excellent 4.3 156 0 | 30 
Spoiled f Bunker June 8 Alfalfa Excellent 5.9 | 3 | 99 | 137 
8 Bunker June 9 Alfalfa Excellent 5.8 2 89 104 
9 Bunker June 14 Alfalfa, brome Excellent 5.4 0 108 | 110 
10 Bunker July 2 Alfalfa Excellent 5.1 3 42 42 
11 Bunker June 20 Alfalfa, alsike Good 5.8 1 128 | 177 
Overheated 12 Upright June 21 Alfalfa Poor, weedy 4.4 40 | ri? & 
Alfalfa Fair 5.0 29 | 0 | 35 
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of different quality. 


abilities. However, there was no relationship between 
the type of lactic acid bacteria and silage quality. 
Similarly, there was no consistent difference in the 
count of “total anaerobes?’ between spoiled and well 
preserved silages (figure 5). 
However, when colonies picked from the BBL ana- 


TABLE 2 


Silage temperatures at different depths 3 weeks after ensiling 


Temperature 


De »th 7 see Pighs mir 7 ae eee 
"| Spoiled (sito 7)| Oveeate soneel iirell eovoned cae 
ft F F F F 
l6 104 114 126 97 

l 104 127 131 105 

2 110 137 126 115 

3 114 138 115 115 

1 112 136 111 111 

5 112 123 109 111 

6 114 109 111 
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Figure 1. The production of organic acids in typical silages 
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erobic medium were tested in Rosenberger’s (1951) me- 
dia, essentially all the isolates from spoiled silages 
resembled C. tyrobutyricum insofar as they produced 
butyric acid from lactate but did not liquefy gelatin. 
Conversely, the bulk of the “total anaerobes’’ in well 
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Figure 2. Comparison of pH changes in a well preserved 
silage and a spoiled silage. 
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Figure 3. Comparison of the production of amino acid and 
volatile base in a typical well preserved silage and a spoiled 
silage. 
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preserved silages proved to be lactic acid bacteria. 
With fresh forages, the high counts on anaerobic agar 
compared to LBS medium were due to the facultative 
growth of the chromogenic bacteria which comprise the 
predominant flora of the fresh plant. 

If a silage was going to spoil, vegetative cells of lac- 
tate-fermenting clostridia were detected by this proce- 
dure within a day after ensiling, even before butyric 
acid had appeared. 

Unfortunately, it could not be determined why lac- 
tate-fermenting anaerobes proliferated in some silage 
and not in others. Although all the spoiled samples 
came from bunker silos, there was no evidence to sug- 
gest an inherent fault in this type of silo. Silage quality 
could not be related to any environmental factor at the 
time of ensiling, such as weather conditions, crop mix- 
tures, or the amount of moisture, protein and ferment- 
able carbohydrate in the fresh plants. 
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Figure 4. The population of lactic acid bacteria in typical 
silages of different quality. 
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Figure 6. The total population of anaerobes in a typical 
well preserved silage and a spoiled silage. 
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Discussion 

The silages were not sampled at identical interv:ils 
during the storage period because of the physical lini- 
tations to sampling a large number of silos located as 
much as 30 miles from the laboratory. It was, there- 
fore, impossible to plot average values, but it was 
found that the general trends in the silage fermentation 
could be satisfactorily illustrated by the data of only 
one silage from each quality group. 

For both well preserved and spoiled silages, the pat- 
tern of organic acid production in full-sized silos proved 
to resemble closely the pattern obtained by Langston 
et al. (1958) from their study of experimental sized silos. 
In the first few days after ensiling, lactic acid was 
formed in all silages which had not been excessively 
over-heated. Spoilage occurred when the lactic acid was 
subsequently replaced by butyric and propionic acids. 

From figure 1b it is evident that the large amount of 
butyric and propionic acid present at the end of the 
storage period could not have been derived solely from 
the lactic and succinic acid produced in the initial 
stages. Either lactic acid was being formed throughout 
the storage period and was immediately converted to 
butyric and propionic acids, or some of the spoilage 
acids were derived directly from plant carbohydrate. 

An appreciable amount of acetic acid was found in all 
silages, including those which were overheated, but. nei- 
ther the final amount of acetic acid nor its pattern of 
accumulation was related to silage quality. The produc- 
tion of acetic acid could not be directly linked to the 
population of any of the bacterial groups studied. 

Contrary to what was expected, in one spoiled silage 
the butyric fermentation was not accompanied by the 
production of large amounts of volatile base. Langston 
et al. (1958) used similar discrepancies as the basis for 
classifying a group of silages as “intermediate” in qual- 
ity. Evidently the conditions which cause these two 
different aspects of silage are not directly linked. Ben- 
der et al. (1941) suggested that the production of vola- 
tile base takes place when the supply of fermentable 
sarbohydrate has been exhausted and amino acid is 
utilized as a source of carbon. In this experiment, the 
results of carbohydrate analyses were inconclusive. 

The number of lactic acid bacteria was approximately 
the same in both well preserved and spoiled silages at 
every stage of the fermentation, which is again in agree- 
ment with the work of Langston. The population of 
lactic acid bacteria reached a peak a few days after en- 
siling and subsequently declined. Later in the storage 
period, the number of lactic acid bacteria usually un- 
derwent a further slight increase such as Kroulik ef al. 
(1955b) had observed. The similarity between the lac- 
tic-acid bacteria in well preserved and spoiled silages 
is further evidence that inoculation with these bacteria 
would be useless. 

Langston et al. (1958) were able to demonstrate a 
sequence of morphologically and physiologically differ- 
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ent types of lactic acid bacteria during the fermenta- 
tion, and show some relationship between silage qual- 
ity and the relative number of each type. These results 
were not verified, perhaps due to the wider variation 
in the kind of silage or the relatively fewer samplings. 

An attempt was made to demonstrate the presence 
of lactate-fermenting anaerobes in the vegetative state. 
Since the medium used was not selective, the lactate- 
utilizing bacteria could not be detected unless they 
were present in predominant numbers. However, since 
almost all the bacteria isolated from spoiled silages with 
this medium were found to ferment lactate, the “total’’ 
anaerobic count in spoiled silages becomes essentially 
a count of lactate-fermenting anaerobes. Although the 
total count was not significantly different in well pre- 
served silages, only the occasional lactate-fermenting 
organism was found. The anaerobic population of good 
silages was composed almost exclusively of lactic acid 
bacteria. Similarly, the anaerobe count on fresh forages 
proved to be a count of the typical chromagenic bac- 
teria of fresh plant material which were able to grow 
facultatively. 

Without a selective medium it is impossible to state 
whether silages which spoiled contained increased num- 
bers of lactate-fermenting organisms at the time of en- 
siling. It was found that whenever spoilage occurred 
these organisms multiplied rapidly soon after ensiling 
and reached a peak within a few days. Conversely, 
spore counts do not increase until much later in the 
storage period (Langston et al., 1958). 

The usual conclusion derived from spore count data 
has been that the obligate anaerobes become vigorous 
late in the storage period if the pH of the material re- 
mains high (Barnett, 1954). However, it is evident that 
the high pH associated with spoiled silage was only the 
end result of the vigorous multiplication of vegetative 
cells of this organism in the period immediately after 
ensiling and the subsequent loss of lactic acid. The ac- 
tual cause of the increase in lactate-fermenting bacteria 
will only be found by simultaneous studies of the phys- 
ical, chemical, and bacterial changes which occur in the 
first few hr of the fermentation. 

Unfortunately, the nature of the factors causing 
spoilage was not determined in this experiment. al- 
though extensive environmental data were collected. 
Since it has been shown that the essential bacterial and 
chemical changes which occur in full-sized silos corre- 
spond to the results obtained with experimental silos, 
further work should be done with small silos which can 
be rigorously controlled. 


SUMMARY 
A study was made of the bacterial and biochemical 
changes occurring during the fermentation of forage- 
crop silages prepared under field conditions in farm 
sized silos. 
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As expected, well preserved silages were character- 
ized by the formation of large amounts of lactic acid, 
small amounts of volatile base, and low pH values. In 
spoiled silages, the lactic acid which accumulated in the 
early stages of the fermentation was replaced by buty- 
ric and propionic acids. The formation of butyric acid 
was always associated with higher pH values, and was 
usually accompanied by the excessive production of 
volatile base. 

Spoiled silages contained the same number of lactic 
acid bacteria as well preserved silages at every stage of 
the fermentation. The production of butyric acid in 
spoiled silages was associated with lactate-fermenting 
clostridia. These sporeforming anaerobes were present 
in large enough numbers to be isolated in the vegeta- 
tive state with a nonselective medium. 
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Numerous reports have appeared in the literature 
pertaining to laboratory studies of compounds that will 
inhibit microbial growth. The inhibitors that were 
found to be effective have been used in attempts to con- 
trol microbial deterioration of various materials. These 
inhibitors have not functioned properly in some in- 
stances, and the investigators that reported these com- 
pounds to be effective have been blamed for such fail- 
ures. It appears that the basic concepts pertaining to 
the intelligent use of inhibitors have been completely 
ignored. 

The variation in sensitivity to inhibitors of different 
strains of the same species is a factor of vital importance 
in the control of microbial deterioration. It is not suffi- 
cient to study the sensitivity of one stock culture to a 
particular compound but, instead, many strains should 
be examined and the concentration of the inhibitor 
must be sufficient to inhibit the most resistant strain 
that is likely to be encountered in the deterioration 
problem. 

The present investigation was undertaken to demon- 
strate the importance of this factor in the control of 
microbial deterioration. Phenols and nitroparaffin de- 
rivatives were selected because the variation in sensi- 
tivity of microorganisms to these compounds has not 
been studied extensively. Pseudomonas aeruginosa was 
selected as the test organism because it is involved in 
some deterioration problems and no variation in sensi- 
tivity studies using this organism could be found in the 
literature. Several experiments were performed in nu- 
trient broth and, in addition, studies were carried out 
in metal cutting fluids in order to show that the phe- 
nomenon is not a laboratory oddity but is a basic factor 
in the preservation of any material from microbial at- 
tack. 


MATERIALS AND METHODS 


Fifteen cultures of P. aeruginosa were obtained from 
local hospitals and from samples of used metal cutting 
fluids. Each culture was inoculated into 25 ml of sterile 
nutrient broth (pH 7.0) composed of 5 g peptone 
(Difco)? and 3 g beef extract (Difco) per L of tap water, 

1 This investigation was supported in part by a grant from 


the Commercial Solvents Corporation, Terre Haute, Indiana. 
2 Difco Laboratories, Inc., Detroit, Michigan. 


and incubated for 15 hr at 37 C. A Klett-Summerson! 
photoelectric colorimeter with a blue filter and sterile 
nutrient broth were used to produce a uniform turbidity 
(optical density of 0.1) in each culture. 

Each strain was studied for its sensitivity to phenols 
by inoculating 0.1 ml of the standardized suspension 
into 10 ml of sterile nutrient broth (pH 7.0) containing 
the desired amount of inhibitor. The inhibitors were 
studied in concentrations ranging from 5 to 2100 ppm. 
The tubes were incubated for 48 hr at 37 C and thena 
standardized loopful of medium from each tube was 
transferred to 3 ml of sterile nutrient broth. These 
subcultures were examined for growth after they had 
been incubated at 37 C for 48 hr. The data presented 
in the tables are based on growth or absence of growth 
in the subcultures. 


’ Klett Manufacturing Company, New York, New York. 
TABLE 1 


Statistical evaluation of the variation in sensitivity of 
Pseudomonas aeruginosa to p-bromophenol 





Variation Encountered Using 15 | 


I Variation Encountered Using 1 
Different Strains i 


Strain in 15 Determinations 





Strain Inhibitory conc | Expt 








Inhibitory conc 

1 200 A 500 

2 400 | B 600 

3 1100 | C 600 

4 400 | D | 500 

5 400 | E | 500 

6 300 F 500 

7 400 G 400 

8 400 H 500 

9 400 | I | 500 

10 1000 | J 500 

11 1600 K 500 

12 400 | L 500 

13 400 | M 500 

14 400 | N 500 

15 400 | O | 500 
Mean...... 546 506 
Range 200-1600 | 400-600 
<), +98.0 | +11.8 
| eee +379.0 +45.7 





The results are expressed as the smallest concentration 
(ppm) necessary to completely inhibit growth. S.E., standard 
error; S.D., standard deviation. 
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The procedure for studying the variation in sensitiv- 
ities of the cultures to inhibitors in metal cutting fluids 
was the same as described before with the following 
modifications. The inoculum was washed twice and sus- 
pended in 0.85 per cent saline for standardization of 
the optical density, and the inhibitor was added to the 
cutting fluid (4 per cent) instead of nutrient broth. 

All experiments were done in duplicate and the re- 
sults in the tables are the averages of the two determi- 
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nations. The statistical calculations were carried out us- 
ing standard procedures found in Snedecor (1946). 


RESULTS 
Several studies were done on the variation in sensi- 
tivity shown by the same culture in 15 determinations, 
as compared with using 15 different strains, in order to 
test the validity of the experimental procedure. A spec- 
imen of these studies may be found in table 1. The 


TABLE 2 


Variation in sensitivity of different strains of Pseudomonas aeruginosa to phenols in nutrient broth 





4-tert-Butyl- 2,4,6-Tri- 


| 


mae | 
b-Cyclo- o-sec-Butyl- 











| 
sain | “phenol” | phenyl” | “chloro; | Ponol | = — | hae | i— | sou 
| | 

1 | 500 1100 500 1100 | 1100 1100 20 | 300 | 200 

2 700 1600 1600 s00 =| ~—s«1600 1000 | 600 | 600 600 

3 400 1100 400 1100s | 1200 700s 600 | 600 400 

4 800 1300 2000 1100 =| ~—-:1700 900 | 600 500 800 

5 700 1500 2000 1100 =| ~—-:1600 900 600 | 500 700 

6 500 1700 1700 1100 =| 1800 600 700 500 800 

7 900 1300 1900 800 | 1600 | 800 600 | 500 700 

8 900 1100 1800 1300 1600 | 700 | 700 ~=6| ~=— 500 600 

9 800 1500 1700 1100 2000 | 700 | 700 500 1000 

10 900 1100 2000 1200 | 1600 1200 | 500 | = 1100 600 

11 1000 1500 1700 1100 1900 1200 | 500 | 500 600 

12 500 1400 700 800 | 1200 900 500 500 400 

13 900 1100 1700 1200 | 1600 800 600 500 600 

14 500 1200 900 1300 | 1100 900 | 600 500 | 400 

15 800 1000 1900 1200 1100 | 600 | 600 500 | 600 

| 

Mean...... 720 1300 1500 1086 =| = 1513 | 866 573 540 600 
Range...... | 500-1000 | 1000-1700 | 400-2000 | 800-1300 | 1100-2000 | 600-1200 | 200-700 300-1100 | 200-1000 
S.D.......| 198.0 +220.0 +569.0 +164.0 | +£299.0 | +£195.0 | +122.0 +168.0 | +196.0 


| 
| | 








The results are expressed as the smallest concentration (ppm) necessary to completely inhibit growth. S.D., standard deviation. 


TABLE 3 
Variation in sensitivity of Pseudomonas aeruginosa strains to phenols after cold storage 
































| 3 | | 

sonin | ote [egrets] TARY | epee | ammo | tae | age [pcg | extol | ning 
1 | 700 1100 700 «=| ~~ 300 600 | 400 300 700 =| 700 300 
2 | 700 2000 1600 400 | 600 | 600 300 1100 | 1100 600 
3 | — 800 1100 900 400 | 600 | 600 300 1200 | 1100 600 
4 | 600 1100 1600 300 | 600 | 600 200 700 =| ~— 600 600 
5 | 600 1500 1600 400 =| = 600 |= 600 300 | 1200 | 600 600 
6 | 800 2000 1600 400 600 | 800 100 2000 | 1800 600 
7 900 1800 1100 400 600 600 300 1000 =| 1000 600 
8 | 1000 1500 1600 400 1000 600 300 1500 | 1000 600 
9 1000 1500 900 200 600 800 200 1000 1000 600 
10 =| ~—:1000 2000 | 1100 1600 600 600 300 2000 | 1000 600 
il 1100 1600 | 800 400 600 600 300 1600 | 1600 600 
12 | 1100 1600 | 1100 400 500 | 600 300 1600 | 1600 500 
3. | 1100 1600 | 1600 400 1100 1100 300 1600 | 1600 1100 
14 =| 1100 1900 | 1100 300 500 1300 300 1600 | 1600 600 
15 | 1100 2000 1100 300 500 600 300 1600 | 1600 1100 

| | 

Mean...| 906 1620 1226 | 440 | 640 | 693 273 1360 | 1193 640 

Range...| 600-1100 | 1100-2000 | 700-1600 | 200-1600 | 500-1100 | 400-1300 | 100-300 | 700-2000 | 600-1600 | 300-1100 

S.D.....| 190.0 | +932.0 | 335.0 | +326.0 | +172.0 | +228.0 | 59.0 | +412.0 | 4406.0 | +202.0 





The results are expressed as the smallest concentration (ppm) necessary to completely inhibit growth. S.D., standard deviation. 
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variation in sensitivity of the different P. aeruginosa 
cultures is a real difference and cannot be attributed to 
technical error in the experimental procedure. 

Table 2 contains the results of a study of the varia- 
tions in sensitivity of the cultures to phenols in nutrient 
broth. The least variation was exhibited with o-amino- 


TABLE 4 
Variation in sensitivity of different strains of Pseudomonas 
aeruginosa to phenols in an emulsion oil 





; #tert- 2,4,6- . ,. | b-Cyclo-| _0-sec- 

Sein | Shencl” | Dhept | TMF Pent | Ret | Bat 
1 500 800 | 1000 500 | 500 500 

2 400 1500 1700 500 500 500 

3 300 1100 1400 500 400 900 

4 200 | 1100 | 1200 | 1000 | 500 500 

5 300 = 1300-1300 500 | 500 500 

6 7 700 800 500-500 500 

7 200 1200 | 1000 500 | 500 500 

8 600 800 1700 500 500 1000 

9 600 1000 1500 500 500 500 

10 1100 | 1200 | 1700 500 500 500 
11 200 1300 1900 500 500 500 
12 500 =—-:1000-|—«1100 500 500 500 

13 600 1300 1900 500 500 500 
i4 600 1300 | 1500 500 | 500 500 

15 700 | 1400 | 1700 500-500 500 

Mean.... 500 | 1133 | 1426 533. | 493 560 


Range. . 200-1100) 700-1500|800—1900 500-1000 400-500|500-1000 
$.D....| 4244.0) 4235.0) 4347.0) +129.0 +25.8) +159.0 





The results are expressed as the smallest concentration 
(ppm) necessary to completely inhibit growth. 8.D., standard 
deviation. 
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phenol and the greatest variation with 2,4 ,6-trictiloro. 
phenol. The strains were more sensitive to p-nitrophenol 
and p-bromophenol than to the other phenolic com- 
pounds. Strain 1 exhibited the greatest sensitivity and 
strains 9, 10, and 11 were most resistant to the in- 
hibitors. 

The experiment was repeated after the cultures had 
been stored under refrigeration for 92 days (table 3), 
Cold storage for 11 weeks had a marked effect on the 
sensitivity of the individual strains. All of the cultures 
showed increased sensitivity to p-chlorophenol and 10 
strains showed increased sensitivity to 2,4,6-trichloro- 
phenol. Under identical conditions, 11 strains showed 
increased resistance to o-phenylphenol, 10 strains 
showed increased resistance to 4-tert-butyl-2-phenyl- 
phenol and o-sec-butylphenol, and 9 of the strains to 
p-nitrophenol. The cultures exhibited less variation in 
sensitivity to 2,4 ,6-trichlorophenol and p-chlorophenol 
after cold storage whereas, under the same conditions, 
there was an increase in the variations in sensitivity to 
4-tert-butyl-2-phenylphenol, p-cyclohexylphenol, 0-sec- 
butylphenol, and o-aminophenol. 

The strains were studied for their variations in sensi- 
tivity to phenols in a metal cutting fluid (table 4). It 
appears that, generally, culturesof P. aeruginosa are more 
sensitive to phenols in an emulsion oil that in nutrient 
broth. This is of interest because the emulsion had a 
pH of about 8.5 whereas the nutrient broth was ad- 
justed to a pH of 7.0. The variation in sensitivity as 
implied by the standard deviation was markedly less 
with 2,4,6-trichlorophenol and p-cyclohexyphenol in 
the emulsion than in nutrient broth. It is also interesting 


TABLE 5 


Variation in sensitivity of different strains of Pseudomonas aeruginosa to nitroparaffins in an emulsion oil 





‘ 2-Nitro-2- s- tins 7 2-Nitro-1- 
me || ee | Ree fae | oe 

1 | 50 700 20 200 

2 100 500 30 250 

3 | 200 700 30 150 

4 100 700 60 200 

5 100 400 40 200 

6 100 300 20 200 

7 100 550 30 250 

8 100 750 30 150 

9 100 750 40 200 

10 100 750 80 200 

11 200 800 50 250 

12 100 600 50 200 

13 100 600 20 200 

14 100 650 5 250 

15 100 600 10 200 

Mean... 110 623 34 206 
Range... 50-200 300-800 5-80 150-250 
Bao. i...| 88.2 +139.0 +19.7 +32.0 


| 


9-Nitro-?-ethvl- 2-Nitro-2- Sait a a 2 Tris(hydroxy- | Bis(2-nitro-1- 
1.Spropanediol MELAS. | propslacetate | jgMetha?,, | Pchonanhen 
100 200 700 60 750 
100 100 500 80 750 
200 200 500 60 750 
100 200 700 40 750 
100 200 500 60 750 
200 200 500 60 750 
100 200 500 80 750 
200 200 500 60 750 
200 200 500 60 750 
200 200 500 60 750 
200 200 500 40 750 
100 100 500 80 1000 
200 200 500 20 1000 
200 100 500 40 750 
200 200 500 40 750 
160 180 526 56 783 
100-200 100-200 500-700 20-80 750-1000 
+50.0 +41.0 +70.0 +17.0 +87.0 


The results are expressed as the smallest concentration (ppm) necessary to completely inhibit growth. S.D., standard deviation. 
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to note that p-chlorophenol and p-cyclohexylphenol 
showed poor activity against the organisms in nutrient 
broth but were about as active in the emulsion oil as 
any of the other phenolic compounds. 

The variations in sensitivity of P. aeruginosa to the 
new nitroparaffin inhibitors were also studied (table 5). 
The strains were found to be more sensitive to these 
inhibitors than to the phenols and, in addition, there 
was less variation in sensitivity with the nitroparaffins. 

The degree of variation in sensitivity exhibited by 
one strains of P. aeruginosa in six different cutting fluids 
was investigated and the results may be found in table 
6. The sensitivity of the strain varied depending upon 
the cutting fluid in which it is suspended. 

DiscussIOoN 

The variation in sensitivity of bacteria to inhibitors 
is a very important factor in the proper use of anti- 
microbial agents. In spite of this fact, very few studies 
of this type have been reported in the literature 
(Marion, 1937; Lassuer and Laroche, 1938; Wolf, 1945). 
An example of the results reported may be found in a 
paper by Vicher et al. (1937) who found that 19 strains 
of Staphylococcus aureus showed marked differences in 
their resistance to phenol using the FDA phenol co- 
efficient method. The results of the present investigation 
show that different cultures of P. aeruginosa also ex- 
hibit considerable variations in their sensitivity to 
phenolic compounds. 

This factor may be one of the reasons why conflicting 
reports can be found in the literature pertaining to the 
effectiveness of an inhibitor in a particular situation. 

For example, Wheeler and Bennett (1956) observed 
that a concentration of 1000 ppm of 2,4,6-trichloro- 
phenol inhibited the growth of aerobic bacteria in metal 
cutting fluids; however, Pivnick and Fabian (1953) and 
Bennett (1956) reported that this compound was not 
effective in the same concentration. Four of the 15 


TABLE 6 
Sensitivity of Pseudomonas aeruginosa to inhibitors in different 
cutting fluids 





Cutting Fluid 


Inhibitor = : as 

1 | 2 3 4 5 6 
2,4,6-Trichlorophenol .....| 700 | 600 | 700 | 500 | 800 | 650 
p-Nitrophenol . . 450 | 350 | 600 | 300 | 850 | 350 
p-Bromophenol . . .| 300 | 350 300 | 350 | 300 | 350 
o-Phenylphenol. . 600 | 500 | 700 | 700 | 600 | 750 
2-Nitro-1-butanol.. 50 | 100 | 150 | 150 | 150 | 150 

1-p-Methoxypheny]-2-nitro- | | 
i~propene.......-.- .| 650 | 600 | 500 | 700 | 650 | 400 


2-Nitro-1-p-chloropheny]- | | 
l-propene.... 350 | 400 | 350 | 700 | 650 | 500 





The results are expressed as the smallest concentration 
(ppm) necessary to completely inhibit growth. 





strains were inhibited by a concentration of 1000 ppm 
in the present study. 

The sensitivity of bacteria to a particular inhibitor 
may not remain constant. Lockemann and Ulrich (1932) 
found that repeated tests using the same cultures and 
phenolic inhibitors only occasionally gave reproducible 
results. Vicher et al. (1937) also observed that there 
was a day to day variation in the resistance of individual 
strains of S. aureus to phenols. P. aeruginosa exhibited 
the same type of variation; the experiments carried out 
several weeks apart showed marked differences in the 
sensitivities of the cultures. 

The sensitivity of bacteria to an inhibitor may also 
depend upon the environment and conditions of growth. 
Paneth (1926) observed that cultivation of P. aeru- 
ginosa on different media could increase or decrease 
the resistance of the organism to antiseptics. In the 
present investigation it was observed that the cultures 
were more sensitive to phenols in cutting fluids than in 
nutrient broth. In addition, there were differences in 
sensitivities depending upon the particular cutting fluid 
used. Three times as much 2-nitro-l-butanol was re- 
quired to inhibit P. aeruginosa in cutting fluids 5 and 6 
as in 1, 

When selecting an inhibitor for use in any type of 
industrial deterioration problem, it is important to find 
a compound that exhibits considerable inhibitory ac- 
tivity against the organism involved and very little 

variation in sensitivity among different strains of the 
same species. In general, the nitroparaffin derivates 
were found to be superior to the phenols. They show 
greater inhibitory activity against pseudomonads and 
they exhibit less variation in sensitivity among the 
different strains. The results show that 2-nitro-2-ethyl- 
1 ,3-propanediol dipropionate and tris(hydroxymethy]) 
nitromethane are superior to the other nitroparaffins or 
phenols. These compounds appear to have widespread 
use in many types of industrial deterioration problems. 

In addition to pointing out some factors of practical 
importance in the control of microbial deterioration, the 
results also point out some observations of fundamental 
importance. It would be of considerable interest to know 
why cold storage increased the sensitivity of all 15 
strains to p-chlorophenol and, at the same time, in- 
creased their resistance to o-phenylphenol. Szeremi 
(1951) observed that strains of Escherichia coli isolated 
from warm-blooded animals were more resistant to heat 
and phenols than were strains obtained from cold- 
blooded animals. 

It also would be interesting to know why more varia- 
tion in sensitivity was noted in emulsion oils than in 
nutrient broth with some phenolic inhibitors, why cold 
storage reduced the variations in sensitivity of cultures 
to certain inhibitors, and why there were greater varia- 
tions in sensitivity with some inhibitors than with 
others. 
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SUMMARY 


A study was made pertaining to the variations in 
sensitivity to inhibitors that may be encountered in 
industrial deterioration problems. The results indicate 
that at least three types of variations are involved: first, 
the variation in sensitivity of different strains, secondly, 
the variation in sensitivity of an individual strain, and 
finally, the variation produced by the particular en- 
vironment in which the inhibitor is studied. 
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The kinetics of botulinum toxin production is as yet 
a comparatively ill-defined process. Bonventre and 
Kempe (unpublished observations) have recently 
found that the appearance of toxin in the culture fil- 
trates of Clostridium botulinum types A and B is a func- 
tion not of cellular growth but of the degree of autolysis. 
This substantiates the report by Stone (1954), Boroff 
(1955), Kindler et al. (1955), and others that autolysis 
is a mechanism of toxin liberation by many of 
the sporeforming anaerobic bacilli. This investigation 
concerns itself with the effects of the exogenous carbo- 
hydrate source on the growth, autolytic and toxin syn- 
thesizing processes of C. botulinum types A and B. 


MATERIALS AND METHODS 


The organisms utilized in this study are designated 
as C. botulinum type A strain JTD-IV;? C. botulinum 


1 Present address: Department of Microbiology, College of 
Medicine, University of Cincinnati, Cincinnati, Ohio. 

2 Obtained through the courtesy of J. T. Duff, Fort Detrick, 
Frederick, Maryland. 


type B, strain B-201;? C. botulinum type A, strain 62-A 
(NCA) and Clostridium parabotulinum type A, strain 
457-A. 

A complete medium consisting of 2.0 per cent tryptic 
digest of casein’ and 0.5 per cent autolyzed yeast extract 
was employed for the cultivation of the organisms. 
After sterilization, the carbohydrate was added in the 
form of a 20 per cent sterile solution to give a final con- 
centration of 0.5 per cent. Growth was measured turbi- 
dimetrically with a Klett-Summerson photoelectric col- 
orimeter (model 800-3)* at 600 mu. 

Toxin assay. Cell-free culture fluids were obtained by 
centrifugation or Seitz filtration at 4 C. Owing to the 
lability of the toxin, certain precautions were taken 
during manipulation of the samples to be assayed. Di- 
lutions were made in cold, sterile 0.5 per cent gelatin 
M/15 phosphate buffer at pH 6.8. Toxicity was estab- 
lished by intraperitoneal inoculation of the diluted 


3 Sheffield Farms Company, Inc., Chemurgic Division, New 
York, New York. 
* Klett Manufacturing Company, New York, New York. 
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samples into white mice of 20 to 25 g, and toxin titers 

were then calculated as minimum lethal doses (MLD/ 

ml) according to the method of Wadsworth (1947). 
RESULTS AND Discussion 

Effect of glucose concentration. Preliminary experi- 
ments (Bonventre, 1957) showed that the rate of autol- 
ysis of C. botulinum was affected by the concentration 
of glucose in the growth medium. Maximum toxin syn- 
thesis was obtained at concentrations of glucose as low 
as 0.1 per cent if the cultures were incubated 
long enough to allow complete autolysis. It was also 
found that a complete medium supported the growth 
of C. botulinum in the absence of the hexose. 

C. botulinum strains JTD-IV and B-201 were grown 
in the complete medium containing 0.5 per cent glucose 
and also in the same medium to which no glucose was 
added. After adaptation to growth under these condi- 
tions, toxin production was determined by assaying the 
culture filtrates. From the data in table 1 it is seen that 
the absence of glucose had a profound effect on the 
synthesis of toxin by both strains. The absence of the 
carbohydrate resulted in an approximate 1000-fold de- 
crease in the toxicity of the filtrates. Autolysis in the 
absence of glucose did not go to completion even on 
prolonged incubation at 35 C. This suggested that the 
toxin might not have been detected if it were present 
intracellulary. Sonic disintregation of the cells, however, 
resulted in a negligible increase in the toxicity. This 
indicated that glucose was required, at least in low con- 
centrations, for the synthesis of toxin as well as for the 
synthesis of the autolytic enzyme system. With B-201, 
the less toxigenic strain of the organism, toxin synthesis 
in absence of glucose was negligible. 

Growth and toxin synthesis in the presence of various 
carbohydrate sources. Growth and toxin synthesis by 
four strains of C. botulinum were followed in the com- 
plete medium containing a_ utilizable carbohydrate 
source. Strains JTD-IV, 62-A, 457-A, and B-201 were 


TABLE 1 


Toxin synthesis by Clostridium botulinum strains JTD-IV and 
B-201 in the presence and in the absence of glucose 


Toxin Titers (MLD/ml) 





Age of Culture 


Culture filtrate Culture extract 


(hr) 
With glucose | No glucose | With glucose No glucose 
JTD-IV 
20 5 X 10° 10? 1 16+ 1X: 10° 
48 1 x 10° 10° 5 X 105 1 X 10° 
72 2 X 105 108 1 X 108 1 X 108 
B-201 
20 5 X 10? Neg = = 
48 1 X 10° Neg — | 
72 1 < 30 Neg -- 
96 5 X 10% Neg 1x 105 | 10 
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tested for their ability to ferment the carbohydrate 
sources added. This was determined in phenol-red broth 
supplemented with the test carbohydrate at a concen- 
tration of a 0.5 per cent. Large Pyrex test tubes contain- 


ing 20 ml of medium were deoxygenated by boiling for 
10 min, cooled, and inoculated with 1 ml of an 18-hr 
culture. Transfers were made every 24 hr for 3 days to 
adapt the organism to the carbohydrate and to dilute 
out any contamination by glucose originating from the 
initial inoculum. 

After the fourth transfer, growth was measured turbi- 
dimetrically and samples were taken periodically for 
toxin assay. It was found that glucose and maltose 
supported toxin synthesis fully. Of the other carbohy- 
drates used, only glycerol, pyruvate and ribose partially 
supported synthesis of toxin. The quantity of toxin 
produced in the presence of galactose, lactose, xylose, 
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Figure 1. Effect of external carbohydrate source on growth 
of Clostridium botulinum strain JTD-IV. 
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Figure 2. Effect of external carbohydrate source on toxin 
synthesis by Clostridium botulinum strain JTD-IV. 
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and inositol was no greater than in the control medium 
which contained no added carbohydrate. 

Growth and toxin synthesis by strain JDT-IV, which 
may be taken as representative for all the strains tested, 
are presented graphically in figure 1 and 2, respectively. 
Although equal growth rates were observed during the 
exponential growth phase with all the carbohydrates, 
maximum growth was achieved only with glucose and 
maltose. The degree to which growth was repressed with 
the other carbon compounds when compared to glucose, 
however, was not sufficient to account for the extreme 
differences in toxin production. It can also be noted 
that autolysis of the culture did not go to completion 
unless glucose or maltose was included in the growth 
medium. Sonic disintregation of the intact cells, which 
remained after 72 hr of incubation in the media con- 
taining carbohydrates other than glucose and maltose, 
did not result in the increased toxicity of the super- 
natant fluid showing that the toxin was not present 
intracellularly. 


P. F. BONVENTRE # 


AND L. L. KEMPE [VoL 7 


IL. ( 


SUMMARY 


The data obtained from this survey indicate tha; 
glucose is essential for optimal toxin synthesis and that 
the requirement for this hexose cannot be replaced by 
the other energy sources tested. 
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The ever present hazard of botulinus intoxication has 
stimulated continuing research by various segments of 
the food industries. The fact that commercially pre- 
pared foods have been only rarely incriminated in 
botulinum outbreaks during the past three decades is 
testimony to the effectiveness of the research which has 
been carried out to determine the proper measures for 
avoiding such occurrences. The literature is voluminous 
regarding the upper and lower limits of pH and tem- 
perature which will support the growth of Clostridium 
botulinum in various natural food substrates and arti- 
ficial media. However, these investigations are for the 
most part concerned with an all or none phenomenon, 
the organism multiplies and produces toxin or it does 
not. Ohye and Scott (1953, 1957) did quantitative 
growth determinations of C. botulinum types A, B, and 
E at various temperatures but did not attempt to cor- 


1 Present address: Department of Microbiology, College of 
Medicine, University of Cincinnati, Cincinnati, Ohio. 


relate this with toxin production. Since autolysis has 
been shown to be correlated with the liberation of toxin 
by C. botulinum (Boroff, 1955; Kindler et al., 1955; 
Bonventre and Kempe, 1959), it was considered that a 
quantitative study concerning the effects of pH and 
temperature incubation on the growth, autolysis, and 
toxin production by C. botulinum would be valuable 
from both a practical and theoretical point of view. 


MATERIALS AND METHODS 


C. botulinum type A strain JTD-IV? was used in this 
investigation. Growth was measured turbidimetrically, 
and toxin assayed as described previously by Bonventre 
and Kempe (1959). 

pH of medium. The complete medium described by 
Bonventre and Kempe (1959) for the cultivation of all 
type A strains of C. botulinum was freshly prepared and 


2 Obtained through the courtesy of J. T. Duff, Fort Detrick. 
Frederick, Maryland. 
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adjusted to pH values between 4.5 and 8.3. Preheating 
of the medium was carried out under flowing steam and 
cooled before adjusting to the desired pH. This was 
found to be necessary since the pH often changed upon 
sterilization if preheating was not carried out. The 
media were dispensed into matched 15/150 tubes in 
\0-ml quantities so that turbidimetric measurements of 
growth could easily be made. One-tenth ml of an 18-hr 
culture of the organism was inoculated into a sufficient 
number of tubes so that a culture at each level of hy- 
drogen-ion concentration could be taken after suitable 
incubation periods and assayed for toxin. This proce- 
dure was found to be more advantageous than working 
with a single culture at each pH level since manipula- 
tion during sampling at times resulted in a cessation of 
growth due to over oxygenation. 

Temperature of incubation. The procedure of inocu- 
lating the organism into matched test tubes containing 
10 ml quantities of the complete medium was also 
adopted for these experiments in which the temperature 
of incubation was the experimental variable. The me- 
dium was adjusted to a pH of 6.8 and growth and toxin 
synthesis of cultures incubated between 4 and 55 C 
were recorded. The precision of temperature control in 
the incubators was +1 C. Experiments conducted be- 
low room temperature were carried out by incubation 
in cold running water which fluctuated between 10 
and 18 C. 


RESULTS AND DISCUSSION 


Growth and toxin synthesis by C. botulinum strain 
JTD-IV are shown in figures 1 and 2, respectively. 
Optimal growth of the organism was obtained between 
pH 5.5 and 7.0 and submaximal growth between 7.0 
and 8.3. At pH values of 5.3 and below, the organism 
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Figure 1. Effect of pH on growth of Clostridium botulinum 
strain JTD-IV. 


was not able to initiate growth. The value is higher 
than the minimum pH at which certain strains of C. 
botulinum have been reported to be capable of growth 
and toxin production. Gunnison and Meyer (1929) de- 
scribed an outbreak of botulism from home canned 
pears, the syrup of which had a pH of 3.86. However, 
since a lactobacillus was also isolated, the authors point 
out that the acids produced by the lactobacilli may 
have increased the acidity of the syrup after the bot- 
ulinum toxin was produced. Dozier (1924) and Town- 
send et al. (1954) reported growth and toxin production 
by some strains of C. botulinum at pH levels slightly 
under 5.0, but found that the absolute minimum varied 
considerably from strain to strain and medium to me- 
dium. 

The autolytic process was most rapid between pH 
6.5 and 7.0, indicating that the autolytic enzymes have 
a rather narrow pH range for optimum activity. Max- 
imum toxin titers were obtained between pH 5.5 and 
8.0, but it was found that the toxin was much more 
stable at pH 6.5 and below. Although an alkaline en- 
vironment resulted in an inactivation of the toxin, it 
did not seem to affect its synthesis. It is interesting to 
note that the toxin was most stable at pH 5.5 where 
the rate of autolysis was comparatively slow. This sug- 
gests that the stability of the toxin may possibly be 
increased by virtue of large quantities being bound 
intracellularly for longer periods of the time than in an 
environment where autolysis proceeds very rapidly. 

The pH range in which C. botulinum strain JTD-IV 
was able to initiate growth and synthesize toxin was 
found to lie between pH 5.5 and 8.3. The rate at which 
toxin was synthesized did not vary markedly with pH. 
However, the rate limiting factors of the quantity of 
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Figure 2. Effect of pH on toxin synthesis by Clostridium 
botulinum strain JTD-IV. 
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toxin found extracellularly appeared to be the degree 
to which the culture had autolyzed and to the stability 
of the toxin in its environment. Since the autolytic en- 
zymes appear to be most active between pH 6.5 and 
7.0, cultures grown at these hydrogen ion concentra- 
tions liberated the greater part of their toxin shortly 
after maximum growth was achieved. It is well known 


P. F. BONVENTRE AND L. L. KEMPE 
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that this protein toxin is unstable in an alkaline ep. 
vironment and thus, above pH 6.8, a considerable quap- 
tity was inactivated. It can be seen that, if the toxicity 
of the extracellular culture fluids were determined aj 
only one point in the growth cycle, after 48 hr for ex. 
ample, one might be led to the erroneous conclusioy 
that more toxin is produced between pH 6.5 and 68 
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Figure 3. Effect of incubation temperature on growth of Clostridium botulinum strain JTD-IV. 























« L2 
10 T T T T T T re om 
ae ae 
vee 
35 Cc 
6 
10 F e « 
37.C “ 
e O O 
Mh 
9 
210° & ° . 
8 eke | 
70 
3 e % 
= 
a 
% 10-18 ¢ 
= 10° bp e - 
g —o-g 
= © 0 1@} 
C) 0 40 U0 
10° ‘eon O a 
it i i i 4 4 $ $ 
.¢) 12 24 36 48 60 72 846 < 190 
Time (hours) 


Figure 4. Effect of incubation temperature on toxin synthesis by Clostridium botulinum strain JTD-IV. 
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than at any other level of hydrogen ion concentration. 
Interpretation of data of this nature may in fact be 
one of the contributing factors for the conflicting re- 
ports found in the literature concerning the kinetics of 
botulinum toxin production. 

The rates of growth, autolysis, and toxin synthesis 
varied considerably with the temperature of incubation 
(figures 3 and 4). Between 28 and 40 C, maximum 
growth, autolysis, and toxin synthesis were obtained 
although, as would be expected, the rates at which the 
processes occurred increased with increasing tempera- 
ture. In all cases, maximum toxicity of the culture 
filtrates was reached only after autolysis was complete. 
Temperatures between 20 and 26 C supported growth 
adequately but not optimally. At these temperatures 
lysis was retarded and, unlike cultures which had com- 
pletely autolyzed, prolonged incubation resulted in a 
gradual increase in the quantity of toxin found extra- 
cellularly. The maximum temperature which supported 
growth was 48 C. At this temperature, however, al- 
though some growth could be measured turbidimet- 
rically, no increase in the toxicity of the filtrates could 
be detected. Furthermore, the toxicity conferred on the 
cultures by the initial inoculum disappeared during 
incubation at 48 C. Since the organism was able to 
multiply at this elevated temperature, it is not likely 
that toxin synthesis was completely inhibited. The evi- 
dence suggests that any toxin which was elaborated 
was inactivated by gradual denaturation. 

No growth or toxin synthesis was demonstrable at 
temperatures between 4 and 10 C (refrigeration tem- 
peratures). However, when cultures were incubated in 
the water bath which fluctuated between 10 and 18 C 
(food handling temperatures), growth and toxin syn- 
thesis were noted. At these low temperatures the toxin 
is quite stable and, consequently, prolonged incubation 
resulted in a gradual increase in toxicity. After 190 hr 
of incubation, the culture filtrates contained 5000 
MLD per ml. The tremendous expansion of the frozen 
food industries and the possibility that irradiation 
pasteurization of some foods may be adopted makes 
this observation a significant one since this is the ap- 
proximate temperature range at which foods may be 


keptand manipulated in retail establishments. However, 
the results suggest that the hazard of botulinus intoxi- 
vation resulting from nonsterilized foods is likely only 
if the storage temperatures are not adequately con- 
trolled. 


SUMMARY 


The pH of the culture medium did not affect the 
synthesis of botulinum toxin within the limits which 
supported the growth of Clostridium botulinum strain 
JTD-IV (pH 5.3 to 8.3). The hydrogen ion concentra- 
tion indirectly affected the toxicity of culture filtrates 
by virtue of the narrow pH optimum for the autolytic 
enzymes and the instability of the toxin above pH 6.8. 
The maximum temperature at which growth of the 
organism occurred was 48 C; at this temperature the 
toxin was gradually inactivated. At 10 C or below, 
metabolic activity was not detectable. Temperatures 
fluctuating between 10 and 18 C partially supported 
growth and toxin synthesis. The implications of these 
observations are discussed. 
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It is the purpose of this paper to explore the possi- 
bility of applying the enzyme technique to the analysis 
of structural polysaccharides (table 1), and to evaluate 
the use of enzymes in isolation procedures. Although 
the main structural features of a polysaccharide can 
usually be determined by chemical methods (Manners, 
1955), these procedures are not simple and they do 
offer certain limitations, The successful application of 
enzymes to starch and protein analysis suggests that 
they may prove equally helpful in the analysis of other 
natural polymers. While we are promoting the use of 
enzymes, it is well to remember that they cannot do 
everything that an acid can do. For instance, nature 
has not endowed fungi with the ability to split off sub- 
stituents which man has added to the cellulose mole- 
cule. Indeed, these substituents hinder the action of 
the enzyme cellulase on the glucosidic linkage. 

Acids hydrolyze all polysaccharides without any 
marked preference. Enzymes are highly specific: cellu- 
lase hydrolyzes only cellulose, xylanase only xylan, and 
so forth. Therefore, it is theoretically possible to spe- 
cifically remove any component from a mixture by 
means of the appropriate enzyme. This would be very 
difficult by chemical procedures. To be successfully 
done enzymatically the substrate must be accessible to 
the enzyme, and the enzyme preparations must have 
the required properties. 

(Note: Much of the data presented here is previously 
unpublished. The procedures employed are described 
in earlier works of the authors.) 


Mayor DIFFICULTIES IN THE USE OF ENZYMES 
I. Accessibility of Substrate 


Enzymes are large protein molecules and as such do 
not diffuse readily into most solids. In fresh, succulent 
tissues, enzymes do diffuse readily into the free spaces 
between cells where they digest the pectic materials 
binding the cells together. Such maceration has been 
successfully used for: (a) isolation of cuticle from leaves 
of plants, (b) breakdown of tobacco leaf fiber (milling 
increased breakdown), (c) isolation of components of 


1 Presented at the 135th Meeting of the American Chemical 
Society, Boston, Massachusetts, April 5 to 10, 1959. 
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vascular tissue (Wood et al., 1952). However, there are 
no reports of successful maceration of woody materials, 
A similar action occurs on animal tissues where separa- 
tion of cells and bacterial penetration have been facili- 
tated by a “spreading agent” (hyaluronidase) which 
hydrolyzes intercellular materials (Pigman, 1957). 

Unfortunately, most experimental materials are 
more woody and less porous than the above. Enzymes 
cannot penetrate into these, and action is limited to the 
surface. Complete enzyme hydrolysis can be achieved 
only by obtaining a maximum surface area. Some idea 
of the importance of grinding can be seen in the extent 
of the action of cellulase on cotton fiber (approximate 
values): 


Whole fiber, 0 to 3 per cent hydrolysis 
20 to 40 mesh cotton, 20 per cent hydrolysis 
Ball-milled cotton, 100 per cent hydrolysis 


Although ball-milling is necessary for complete hy- 
drolysis, such an action may degrade the components 
which one wishes to isolate. The seriousness of this 
limitation will vary with the isolation problem under 
investigation. 

A combination of chemical and enzymatic procedures 
may occasionally permit complete hydrolysis without 
the necessity of ball-milling. Partial grinding (20 to 4) 
mesh) followed by chemical extraction of readily soluble 
components may open up pores to an extent permitting 
enzyme diffusion. Such a procedure would minimize the 
depolymerization effects obtained by ball-milling. 


II. Purity of Enzyme 


, 


“Pure” enzymes are hard to find, or to obtain. The 
enzyme systems in which we are interested are usually 
contaminated with unwanted, or interfering, enzyme 
(table 2). Even saliva, generally considered an excellent 
source of a-amylase, contains lipase, phosphatase, hy- 
aluronidase, lysozyme, and probably other unsuspected 
enzymes. 

But are puve enzymes required? In most instances, 
we believe not. It is only necessary that the enzyme 
system be selected for each specific problem, and that 
one recognize the limitations of the system. Ii the 
problem is to digest pure starch, it makes little differ 
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ENZYMES IN POLYSACCHARIDE ANALYSIS 


ence whether cellulase, lipase, and proteinase are pres- 
ent in the amylase solution. Their presence does not 
interfere with the hydrolysis. If, however, the problem 
is to remove starch from a mixture containing cellulose, 
fat, and protein, then, the presence of the other en- 
zymes is not permissible. The success of commercial 
enzymes, most of which are crude mixtures, depends 
upon their application to a particular situation. De- 


sizing of 
and the 


TABLE 1 


Struciure 
Linkages 


Sugar Unit - 


Major | Minor 
Glucose B-1,4 
Glucose . | 81,4) 8-1,3 
Glucose B-1,3 
Glucose B-1,3) 8-1,2 
Glucose B-1,3) B-1,6 
Glucose B-1,6 
Glucose. . B-1,2 
Mannose B-1,4 
Galactose. .... B-1,4 
Xylose B-1,4 
Fructose B-2,1 
Fructose. B-2,6 
V-Acetylglu- 
cosamine . B-1,4 
Source 
Fungus 


| Aspergillus luchuensis 


Aspergillus phoenicis 
Basidiomycete. . . 
Penicillium funiculosum 
Penicillium pusillum . 


Myrothecium verrucaria 
Pestalotiopsis westerdijkii 
Rhizopus arrhizus . 
Sporotrichum pruinosum 
Trichoderma viride . . 


* Polygalacturonase. 


Name 


B-1,4-Gluean 
= cellulose 
Lichenan 
B-1,3-Gluean 
= pachyman 
Yeast glucan 
Laminarin 
8-1,6-Gluean 
= pustulan 
Crowngall 
polysaccha- 
ride 


Vegetable 
ivory 

Galactan 

Xylan 


Inulin 


Levan 


Chitin Crustaceans, 
fungi 
Units 
mae mees of 
QM Straia | Enzyme B-1,4- 
873 u/mgt 0.2 
1005 | p/mg 0.0 
806 | u/mg 13.0 
474 p/mg 0.0 
137g p/ml 150.0 
460 u/mg 0.8 
381 p/ml 20.0 
1032 u/mg 0.1 
826 p/mg 9.0 
6a u/mg 


cotton cloth requires the presence of amylase 
absence of cellulase, that is, the removal of 


and distribution of B-glycans (after Stone, 1958) 


Source 


Walls of plant 
cells 

Lichens 

Fungus sclero- 
tium 

Yeast cell wall 

Marine algae 

Lichen 


Bacteria 


Palm seed 


Pectins 

Walls of plant 
cells 

Plants, Asper- 
gillus sydowt 

Bacteria 


starch without destruction of the cloth. Whether other 
enzymes are found in the mixture is of little conse- 
quence. 


PREPARATION OF ENZYME SYSTEMS 
I. Production of Polysaccharases 


Although plants and animals produce polysaccha- 
rases, the most important sources of these enzymes are 
fungi and bacteria. Our own preference is for the fungi, 
primarily because of ease of handling. The fungus is 
grown on a polysaccharide in shake cultures for several 
days. The digestive enzymes are secreted into the me- 
dium, and obtained free from the organism and sub- 
strate by simple filtration. Generally, a mixture of en- 
zymes is produced (table 2), but by various means it 
is possible to minimize or eliminate unwanted com- 
ponents. 

A. Selection of organism. Species of fungi differ 


greatly in their production of enzymes. No two are 
alike. Fortunately, most polysaccharases in fungi are 


adaptive (Mandels and Reese, 1957). The fungus pro- 
duces the particular enzyme only when grown on the 
substrate of that enzyme (table 3). Amylase and 6-1 ,3- 
glucanase are exceptions. Their appearance does not 
depend upon the nature of the food on which the or- 
yanism grows. As a result, they are nearly always pres- 
ent and it is difficult to completely eliminate them 
from solutions of other polysaccharases. 

The adaptive enzymes can usually be obtained free 
of each other by growing the fungus on the inducing 
polysaccharide. Cellulase free of chitinase is obtained 
by growth on cellulose; chitinase free of cellulase by 
growth on chitin and so forth. There is an exception in 
xylanase. Most fungi produce this enzyme when grown 
on xylan, but not when grown on glucose, starch, or 
glycerol (that is, it is adaptive). Yet xylanase is nearly 


TABLE 2 


Hydrolytic enzymes of fungi 


9.0 


B-1,3- 
2.0 
7.5 


3.4 


32.0 


9.0 





Glucanase Other Glucosidases 
a@-1,4- a-1,6- Xylanase | PG* B- a 
20.0 | 0.04 0.06 0.6 2.1 8.0 
0.1 4.0 0.12 0.4 7.0 2.5 
0:1 0.0 0.4 | 0.3 0.1 0.0 
14.0 1.0 780.0 0.0 | 0.0 0.8 0.5 
0.5 0.04 0.5 | 1.0 0.3 0.2 
0.2 0.0 0.0 0.0 | 0.0 0.03 0.0 
0.5 0.0 0.4 0.4 6.0 0.0 
6.4 0.5 0.2 0.0 | 0.4 0.0 0.1 
31.0 0.4 0.0 0.5 | O.é 0.1 0.1 
0.7 0.5 0.0 0.6 0.06 0.2 0.1 





t+ Figures represent units of enzyme per ml of culture filtrate, or units per mg of dry enzyme preparation. 
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always found (with cellulase) when the organism is 
grown on cellulose, and this does not seem to be due to 
the presence of xylan as an impurity in the cellulose. 
The enzymes are different. When grown on xylan, 
Trichoderma viride produces xylanase in the absence of 
cellulase. 

The selection of a polysaccharase system depends 
upon the problem to be resolved. From an analysis of 
the enzyme components of many fungi (table 2) it is 
possible to select that one which meets the requirements 
most closely. 

B. Modification of the growth conditions. In addition 
to the selection of an organism and of a particular sub- 
strate, there are other techniques which can be applied 
to the production of the desired enzyme system. The 
aims are high yields of “wanted,” low yields of ‘un- 
wanted” components. All the variables customarily 
used in growth experiments can be applied. Of these, 
the nature and amount of the carbon and nitrogen 


TABLE 3 


Production of polysaccharases by fungi 


Constitutive 
a-1,4-Glucanase (amylase) 
8-1,3-Glucanase (laminarinase) 


Adaptive: Produced Only when Fungus is Grown on the Proper 
Substrate 
8-1,4-Glucanase (cellulase) 
a-1,6-Glucanase (dextranase) 
B8-1,4-Mannase (mannanase) 
8-2,1-Fructanase 


8-2,6-Fructanase 
Pentosanase 
8-1,4-Xylanase 
8-1,4-Chitinase 


a-1,4-Polygalacturonase (pectic enzyme) 
a-1,4-Polymannuronase 

















A B 
u/mi u/mi 
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Figure 1. Production of enzymes of Sporotrichum pruinosum 
strain QM 826. A, Effect of incubation time; B, Effect of cellu- 
lose concentration. Cx = 8-1,4-glucanase; 8-1,3ase = B-1,3- 
glucanase. 
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sources, the pH, and the length of the incubation px riod 
are of primary importance. But the conditions for pro- 
duction and liberation of a particular enzyme arc not 
the same as those for maximal growth. 

There have been many investigations of the optimal 
conditions for production of a single enzyme. Much less 
effort has been directed toward stimulating the produe- 
tion of one while inhibiting, or suppressing, the develop- 
ment of a second. Length of the incubation period is 
often important. Some enzymes (the adaptive ones) 
appear earlier in the culture filtrate than others (the 


77> Maltase 
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Figure 2. Production of maltase free of amylase by Asper- 
gillus niger (Shu and Blackwood, 1951). 
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Figure 3. Control of polysaccharase appearance in cultures 
of basidiomycete, QM 806. Initial substrate = cellulose |! 
per cent). Additions: glucose (0.5 per cent) on 4th day; mer 
thiolate (0.02 per cent) on 6th day. 
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constitutive, figure 14). Some are more rapidly in- 
activated after reaching a level of maximum potency. 
Thus, maltase can be obtained free of amylase by wait- 
ing until the latter has been destroyed (figure 2). 
Recently we have found another useful procedure 
(figure 3). When certain metabolites are added to a 
culture which has grown on cellulose and produced 
cellulase, there is a rapid inactivation of the cellulase. 
When incubation is further prolonged, the cellulase re- 
appeur’s In an amount approaching that previously 
reached (not shown). The action may be a specific 
masking and unmasking of the cellulase. When, how- 
ever, Merthiolate is added (while inactivation is com- 
plete), the cellulase activity does not recover, but the 
3-1 ,3-glucanase and amylase activities remain at a high 
level. By such manipulations of the cultural conditions, 
it is possible to enrich the filtrate in one enzyme, or to 
eliminate an enzyme from the mixture. These examples 
indicate the possibilities inherent in this approach. 


IT. Purification of Polysaccharases 


Having produced the best possible enzyme system 
by selection of an organism and by control of the growth 
conditions, we may still be faced with the problem of 
removing traces of an ‘unwanted’? enzyme component. 

Successful enrichment of a desired enzyme by most 
enzyme-separation techniques is largely a matter of 
trial and error. Heat, and irradiation, are destructive, 
yet it is possible to completely inactivate one enzyme 
while leaving much of the second intact. Electrophore- 


TABLE 4 
Separation of glycosidases* 


on specific adsorbentst 
Adsorbent 


Enzyme adsorbed on: 


Enzyme i, eS 
[p-OH-Styrene- pines nga 
B-p-glucosidejn tosidelm 
o o 
3-p-Glucosidase. 45 23 
a-D-Galactosidase..... 9 
3-D-Galactosidase.... = 0 0 


* Almond emulsin. 
+ Helferich and Jung (1958). 


TABLE 5 


Selective inactivation and adsorption of enzymes 


Inhibition by 


Methocel at Adsorp- 


Enzyme Source tion on 
Cellulose 
0.1% 0.02% 
P Cellulase Trichoderma viride 46 43 89 
Xylanase T. viride 0 0 20 
Xylanase Aspergillus fumigatus 3 0 88 
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sis, especially block-electrophoresis, has been successful, 
but the samples are usually small. Adsorption and 
elution from columns appears to have most promise 
for large scale separations. 

The use of specific adsorbents appears to be an ideal 
method of separation. By this technique, a substrate or 
modification thereof is used to adsorb only the enzyme 
having an affinity for that substrate, for example, 
amylase on starch. Helferich and Jung (1958) recently 
formed the 6-glucoside and the a-galactoside of poly- 
hydroxystyrene. The former preferentially adsorbed 
8-glucosidase, the latter a-galactosidase (table 4) from 
a naturally occurring enzyme mixture (almond emul- 
sin). In a similar manner, we have selectively adsorbed 
cellulase on cellulose (table 5), leaving behind most of 
the xylanase; French and Knapp (1950) have com- 
pletely adsorbed amylase on starch, leaving much of 
the maltase in solution; and Jeuniaux (1957) has puri- 
fied chitinase by adsorption on chitin. Straub (1957) 
reported that the conditions for adsorption are im- 
portant. These include temperature, pH, amount of 
adsorbent per unit of enzyme, and the nature of the 
impurities in the system. For amylase, Straub found 
maximum adsorption on starch at 13 C. The results 
encourage one to pursue this method as perhaps the 
most logical approach to enzyme purification. At the 
moment, however, the results are no better than those 
obtained by conventional methods, and the source of 
enzyme has proved to be a very important factor. 
Helferich’s procedure failed entirely when the enzymes 
came from alfalfa, and we have found vast differences 
between fungi in the adsorbability of their cellulases on 
cellulose. Yet, we are confident that the use of ad- 
sorbents specific for each enzyme will prove to be the 
most successful of separation techniques. It can be 
used for isolation of a single enzyme, or for removal of 
an unwanted enzyme from a mixture. We anticipate 
major developments along this line. 


III. Inhibition and Inactivation of Unwanted Enzymes 


Inhibition and inactivation are not purification pro- 
cedures. They do not remove components from the 
system. More often something is added. Yet they are 
highly useful techniques. Many problems require only 
that enzyme A be present in the absence of enzyme B. 
Where both are found, B may be removed, but it is 
often more simple to inactivate it. The mixture of A 
and inactivated B usually serves the same purpose as 
A free of B. 

Enzyme inhibitors (like adsorbents) may be either 
general or specific. The general inhibitors affect many 
different enzymes although not always to the same 
degree. For instance, the amount of disodium ethylene- 
bis(dithiocarbamate) required to give 50 per cent in- 
hibition of enzymes of 7. viride is only 0.0026 per cent 
for cellulase, but it requires 100 times as much to in- 
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activate 8-glucosidase (Reese and Mandels, 1957). 
Although it is thus possible to find, among the general 
inhibitors, compounds that may be used selectively, 
success is largely a matter of chance and continued 
effort. 

A. Specific inhibitors. Specific inhibitors of enzymes 
are usually compounds resembling the substrate of the 
enzyme. The best specific inhibitor is one which com- 
bines irreversibly with the desired enzyme. Usually the 
specific inhibitor is competing with the substrate for 
the enzyme. Methocel (methy! cellulose) is a case in 
point (table 5). It resembles cellulose and competes 
with it for cellulase. It is sufficiently different from 
xylan so that it does not compete with xylan for xy- 
lanase. Although this is an excellent inhibitor based on 
data for T. viride, it does have its limitations. Even in 
this organism, only part of the cellulase is susceptible 
to the methocel effect, that is, the specificity is too 
great. In other fungi, even less of the cellulase is so 
affected. 

The lactones of sugar acids have been shown to be 
specific inhibitors of glycosidases (Conchie and Levvy, 
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galactonolactone inhibits galactosidases, and 
nonolactone inhibits mannosidases. 

B. Naturally occurring inhibitors. These inhibitors 
have been found for a number of polysaccharases 
(table 6). They seem to have been accidentally dis- 
covered. Until the present, the number of natura! in- 
hibitors has been few, and their chemical nature un- 
known. It is not clear from the data how specific each 
may be. 

C. Antisera. The introduction of enzymes into the 
blood of an animal leads to the production of «nti- 
bodies. These antibodies are highly specific in inhibiting 
the enzyme used as antigen. Complete inhibition of the 
following polysaccharases by their respective anti- 
enzyme sera has been reported (Cinader, 1957): amylase 
(barley), hyaluronidase, carbohydrase (pneumocoecus 
polysaccharide), lysozyme. Since the antibodies are 
proteins, their mode of inhibition cannot be related to 
their resemblance to the substrates (which are poly- 
saccharides). The enzyme-antibody reaction is often 
hindered by the presence of the substrate of the enzyme 
(Nomura and Wada, 1958), the antibody and substrate 
apparently competing for the enzyme. As with the 


Tan- 


TABLE 6 


1957). Thus, gluconolactone inhibits glucosidases, 
Enzyme 

Name Source Source 
Cellulase Some fungi 
Cellulase Some fungi Eucalyptus 
Cellulase Some fungi Grape leaves 
Polygalacturonase Fungi Grape leaves 
Pectinase Broad bean leaves 
Pectinase Pears 
Protopectinase Fungi Oxidized apple; 


dized potato juice 





Specific inhibition of polysaccharases 


Inhibitor | 


Reference 


Nature 
Reese et al., 1952 
Jermyn, 1957 (personal commu- 

nication) 
Etchells et al., 1958 

| Etchells et al., 1958 

| Brown, 1915 
Weurman, 1953 
Cole, 1958 


Methocel 


Oxidized leucoantho- 


eyanine 


Oxi- 





Amylase Animal; bacterial Cereals Protein Kneen and Sandstedt, 1946 
Amylase All Sorghum High mol wt organic | Kneen and Sandstedt, 1946 
acid 
TABLE 7 
Selective inactivation of enzymes by heat 
Condition 
aii nisin aes Enzyme Destroyed Enzyme Remaining Enzyme Source Reference 
Temp Time pH Other | 
iy min a ; ; _ 7 i. io a ee 
| 
60 10 Cellobiase Cellulase, 50% Fungus | Aitkin et al., 1956 
100 3 6.0 Cellobiase Cellulase, 20% Fungus Kooiman et al., 1953 
60 15 | Endo-6-1,3-glu- | Cellulase, ‘‘partly’’; B- | Alga | Dunean et al., 1956 
canase glucosidase ‘“‘partly’’ | 
70 10 6.0 Ca** | B-Amylase a-Amylase, 100% Malt | Schwimmer, 1947; also Kneen 
| et al., 1943 
30 120 3.0 a-Amylase B-Amylase 90° (+) Malt (NaCl | Kneen et al., 1943 
extract) 
10 12,960 2.4 a-Amylase Glucamylase, 80%, Fungus Phillips and Caldwell, 1951 
60 | 10 4.5 Ca** | Glucamylase a-Amylase Fungus | 


Phillips and Caldwell, 1951 
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an- natural inhibitors, work on these agents is at an early activator (that is, Ca salts for a-amylase). In this man- 
stage. ner, general inhibitors may become specific inhibitors. 
om D. Heat inactivation. Heat has been used in instances 
ses where the unwanted enzyme is present only in minute APPLICATIONS 
4 uantities. To be sure, the desired enzyme also suffers : : 
dis- qual ' I. Isolation of One Substance from a Mixture 
in- during the treatment but often excellent results have 
ue. been obtained (table 7). The temperature effect is de- A desired component of a mixture can be obtained 
ach pendent upon other conditions, conditions which have by enzymatically hydrolyzing all other materials pres- 
not always been reported. Enzymes are usually much ent. This usually involves treatment with polysac- 
the less stable below pH 4.0 and above pH 8.0. a-Amylase charases, but the action of proteases or of lipases is 
nti- of Aspergillus niger can be inactivated at pH 4.2 even sometimes beneficial. The enzyme system is selected 
‘ing at low temperatures, with little or no inactivation of for the job to be accomplished. It must contain the 
the maltase (Tsuchiya ef al., 1950). The presence of im- enzymes required but must not destroy the desired 
nti- purities in the enzyme solution affects heat inactivation. product (table 8). These systems result from the prac- 
lase This is particularly true of proteins and of the enzyme tices previously described. 
"CUS substrates. The former have a general protective action, A. Xylan purification. The commercial xylan in- 
are the latter tend to protect only the enzymes for which tended for use as a substrate for xylanase was found 
1 to they are substrates. It is possible to some degree to to have 23 per cent glucan (table 9). Without knowing 
oly- direct the inactivation by protecting one enzyme. This the nature of the glucan, we were able to find an enzyme 
ioe ean be done by addition of substrate, coenzyme or system (Rhizopus arrhizus strain QM 1032) which 
yme - : 
eh TABLE 8 
the Production of one enzyme in the absence of another 
. = = 
Enzyme Source Activity 
nee Ratio, A:B 
Desired (A) Free of (B) Organism QM Strain No. MA “uB 
p-1,4-Glucanase B-1,4-Nylanase Penicillium pusillum 137g 150.0 0.5 300: 1 
8-1,4-Xylanase B-1,4-Glucanase Trichoderma viride 6a i 0.0 « 
8-1,4-Glucanase 8-1,3-Gluecanase T. viride 6a 9.0 0.7 13:1 
8-1,3-Glucanase B-1,4-Gluecanase Basidiomycete 806 60.0 0.0 « 
mmu- ici eee Sea ee See Se, |S en ee reer eran ee 
8-1,4-Glucanase a-1,4-Glucanase P. pusillum 137g 150.0 0.5 300: 1 
a-1,4-Glucanase B-1,4-Glucanase Aspergillus luchuensis 87: 20.0 0.0 x 
TABLE 9 
Purification and isolation of one compound from a mixture 
b Substance to be Removed 
6 Desired Product Starting Material ——$_$_$______ aneennceciceeenienieen Enzyme Source 
Nature Before enzyme | After enzyme 
% % im 
Xylan Xylan, commercial Gluean 23 8 Rhizopus arrhizus — strain 
QM 1032 
Chitin Mushroom, after extractions | Gluean 63 25 Trichoderma viride strain 
with water, 2% KOH, and al- QM 6a 
cohol (= 25% of dry wt) 
Lignin Spruce wood, ball-milled (Pew, | Cellulose and hemicell- 70 12 Enzyme no. 19* 
1957) uloses 
Lignin Spruce wood, blocks (Pew, | Cellulose and hemicell- 70 6-14 Growing brown-rot fungi 
1957) uloses 
Knees Pentosan ‘Squeegee’? starch (Simpson, | Protein 8 1 Proteinase 
1954) Starch 50 0 Amylase 
Starch Wheat flour (Simpson, 1955) Pentosan Pentosanase 
1 Olive oil Olives (Pineda, 1954) Pectins Pectinase 


* Rohm and Haas Co., Philadelphia, Pennsylvania. 
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would hydrolyze most of the impurity without affecting 
the xylan. The action was not complete. The residual 
xylan (77 per cent recovery) still yielded glucose (8 per 
cent) on acid hydrolysis. This glucose probably arises 
from a glucan different from the one hydrolyzed, or 
perhaps from a mixed polysaccharide. 

B. Isolation of chitin from mushroom (Agaricus cam- 
pestris). Repeated extractions with hot water, with hot 
KOH (2 per cent), and with ethyl alcohol removed 
75.2 per cent of the mushroom solids (table 9). Enzymes 
of T. viride strain QM 6a (and of R. arrhizus strain 
QM 1032) further hydrolyzed 49 per cent of the residue. 
The per cent glucan was reduced from 63 to 25 per 
cent. The product (12.5 per cent of initial dry weight) 
contained all of the chitin. 

C. Isolation of lignin. Enzymes can effectively re- 
move the carbohydrate complex from wood, provided 
that the wood is finely ground (Pew, 1957; figure 4A). 
About 70 per cent of the spruce wood was digested. 
The action is not complete. The lignin residue contains 
polysaccharide to the extent of 12 per cent. This last 
trace could not be removed by a variety of enzyme 
systems tested (unpublished data). The reducing sug- 
ars produced during the early stages of hydrolysis con- 
tained little glucose (figure 4C). Chromatograms (not 
shown) revealed a predominance of xylose and xylo- 
oligosaccharides. Xylan thus appears to be more rapidly 
hydrolyzed than cellulose by the enzyme systems used. 

The limitation to this procedure is obviously the 
necessity for fine grinding (figure 4). Such action tends 
to degrade lignin to some extent. An alternate proce- 
dure employs an actively growing fungus to remove the 
polysaccharides, a method which does not necessitate 
grinding. The objection to the latter is contamination 
of the lignin by mycelial residue. 


II. Preparation of Hydrolysis Products 


A. Preparation of products of polysaccharide hydroly- 
sis. A variety of enzymes is involved in polysaccharide 
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Figure 4. Removal of polysaccharides of spruce wood by 
enzyme action. A, Wood coarsely ground; enzyme no. 19 (Rohm 
and Haas); Pew (1957). B, Ball-milled wood; enzyme no. 19 
(Rohm and Haas); Pew (1957). C, Ball-milled wood; enzyme 
of Trichoderma viride strain QM 6a. 
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hydrolysis. Those that involved phosphate are found 
inside of the fungus, and not in the extracellular solu- 
tions. Those that hydrolyze the oligosaccharide- are 
found both within and without, whereas those that 
hydrolyze the polysaccharides are predominantly out- 
side of the organism. 

Enzymes can be used to produce the dimer, the di- 
saccharide component of a polysaccharide. In digestion 
by most polysaccharase systems of fungi, the simple 
sugar appears as the dominant product at all phases of 
the incubation period. In these it is an easy matter to 
produce monomers (simple sugars) from polysaccha- 
rides. In other polysaccharase systems, the dimer is the 
usual hydrolysis product (isomaltose from dextran by 
dextranase; maltose from starch by 8-amylase). The 
reaction stops here when enzymes capable of acting on 
the dimer are lacking. For the hydrolysis of most poly- 
saccharides, it is possible to find an organism having an 
enzyme system such that the reaction can be halted at 
the disaccharide stage (table 10). Most of these hy- 
drolyzates also contain trimer, and perhaps longer 
fragments (particularly so in xylan-, and in fructan- 
hydrolyzates), separation of which can be accomplished 
on carbon columns. In our own studies, we have pre- 
pared several of the disaccharides, one (cellobiose) in 
rather appreciable amount (15 g) and others (including 
6-2 ,6-difructose) in quantities sufficient for use as refer- 
ence materials in paper chromatography. (Commer- 
cially, some corn syrups are the result of enzyme hy- 
drolysis of starch.) 

These principles, that is, the use of selected enzyme 
systems (table 10) and of carbon column separations, 
are being widely applied for the preparation of oligo- 
saccharides. Here we will mention only one other ex- 
ample, the galacturonic acid oligosaccharides prepared 
by hydrolyzing pectic acid with polygalacturonase 
(Phaff and Luh, 1952; Demain and Phaff, 1954). 

B. Preparation of products of glycoside hydrolysis. 
There are times when one wishes to hydrolyze a glyco- 


TABLE 10 


Production of dimers from polysaccharides 


Polysaccharide | Enzyme Source stain 
_ ae 
B-1,4-Glucan = cellulose Streptomyces sp. B814 
B-1,4-Xylan = xylan | Myrothecium verrucaria | 460 
B-1,4-Chitin Aspergillus fumigatus 45h 
B-1,3-Gluean = laminarin, | Rhizopus arrhizus 1032 
ete. | 
a-1,4-Gluean = amylose | Pestalotiopsis westerdi- | 381 
| jkit 
a-1,6-Glucan = dextran | Penicillium funiculo- | 474 
} sum | 
8-2,1-Fructan = inulin | A. fumigatus 45h 
B-2,6-Fructan = bacterial | Streptomyces sp. | B84 
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side only for the purpose of obtaining the products. 
Here one need not worry about the presence of other 
enzymes, Just as long as they do not affect the reaction. 
Recently, we had the problem of finding a fungal en- 
zyme capable of hydrolyzing mustard oil thioglucosides 
in connection with a food flavor project. This we were 
able to do (Reese et al., 1958). The fact that the prep- 
aration also contained a variety of other hydrolytic 
enzymes was of little consequence. 

For hydrolysis of both a- and 8-glucosides we have 
found preparations from the following fungi to be 
highly satisfactory: Aspergillus luchuensis strain QM 
873 and Aspergillus phoenicis strain QM 1005. 

Commercially available enzymes rich in one or the 
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Figure §. Enzyme hydrolysis of pachyman and of laminarin. 
Basidiomycete = enzyme solution basidiomycete, QM 806. 
Rhizopus = Rhizopus arrhizus strain QM 1032. Conditions: 40 
min at pH 4.7; 50 C (after Reese and Mandels, 1959). 
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other (or both) of these glucosidases are lipase, (GBI)? 
19AP, (Rohm and Haas);? Hemicellulase (NBC).* 


III. Identification of Polysaccharides and 
Oligosaccharides 


A. Polysaccharides. We will cite two examples from 
our own work to illustrate the methods used. Pachyman 
may be considered as a glucan of unknown linkage. 
Recent chemical evidence (Warsi and Whelan, 1957) 
indicates it to have a B-1,3-bond. We, therefore, at- 
tempted to confirm this by hydrolysis with enzymes 
known to attack this linkage. At the same time, we 
hydrolyzed a known 6-1 ,3-glucan, laminarin (figure 5). 
Fortunately, two 6-1,3-glucanase systems were avail- 
able (Reese and Mandels, 1959). That of basidiomycete 
strain QM 806 is an exoenzyme attacking chains from 
the end and yielding only the monomeric unit, glucose. 
The rhizopus 8-1,3-glucanase is an endoenzyme hy- 
drolyzing the chains at random and yielding predom- 
inantly the 8-1 ,3-linked di- and trisaccharides. Hydrol- 
yses of both polysaccharides gave identical monomer, 
dimer, and trimer. Pachyman is thus a 6-1 ,3-glucan. 

In a similar manner, we have identified the linkages 
in unknown fructans from fungi and bacteria (Loewen- 
berg and Reese, 1957). The job, of course, is to find suit- 
able enzyme systems. Once found, they are easily and 
quickly applicable to the problem. 

Identification of a compound is simplified if it can be 
broken into smaller units without other modification. 
Here enzymes, because of their gentle action and spec- 
ificity, are quite useful. Agarase acts on agar to produce 
characteristic disaccharides (Yaphe, 1957). Leucosin on 
enzyme hydrolysis yields products which characterize 
it as a B-1,3-glucan (Archibald and Manners, 1958). 

It is obvious that chemical hydrolysis can similarly 

2 General Biochemicals, Inc., Chagrin Falls, Ohio. 


3 Rohm and Haas Company, Philadelphia, Pennsylvania. 
4 Nutritional Biochemical Corp., Cleveland, Ohio. 


TABLE 11 


Determination of linkage type in glucosides 





Hydrolysis (%) * 





| QM Strain | 
No. } 


: : 
1 Hr | 4 Hr 











Enzyme and Source 

CB-C | CB-E | CT-E | M CB-C | CB-E CT-E | M 

a-Glucosidase 
Pestalotiopsis westerdijkii..............| 381 o | o | o | 80 | ©) St a 
Sclerotium rolfeti................00000: 7740 | 0 | 0 | 0 | 8 0 | 0 | 0 | 89 

8-Glucosidase | | | | 
CUES SES OT | | 61 58 | 4 | 6 8 | 89 29 CO 5 
Te ADRIAN ORINEE 5 oo5.55 5s cn as cased ca wees | 381 72 80 7 | 6 | 98 89 | 89 15 





* Substrate 2.5 mg per ml in M/20 citrate pH 4.5. Followed by glucose oxidase 1 hr at 30 C shaken. 
CB-C = cellobiose, chemically prepared; CT-E = cellotriose, enzyme prepared; CB-E = cellobiose, enzymatically prepared; and 
M = maltose, commercial grade. 
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be used to obtain intermediates. The advantage of en- 
zymes lies in their specificity for linkage type, in the 
mild conditions of hydrolysis, and in the ability to ac- 
cumulate intermediates. We are not promoting the use 
of enzymes as a complete substitute for acid hydrolysis, 
but there are many instances in which acid treatment 
is too severe. The acetyl groups, for instance, may be 
split from chitin during acid hydrolysis to yield glucos- 
amine. Enzyme hydrolysis gives the correct mono- 
meric unit, N-acetylglucosamine. Furthermore, en- 
zymes can be used to detect chitin in a mixed substrate, 
such as that obtained from mushroom (table 9). The 
chitinase of Serratia marcescens strain QM 1455 acting 
on this substrate yields only N-acetylglucosamine. 
Dilute acid hydrolysis yields only glucose. It is, thus, 
possible to say that the substrate is a mixture of chitin 
and glucan, and that it is probably not a single hetero- 
polysaccharide. 

B. Oligosaccharides and glycosides. The 8-glucosidic 
linkage has, for a long time, been identified by its sus- 
ceptibility to hydrolysis by almond emulsin. We have 
now found fungal enzymes that can be used similarly. 
Pestalotiopsis westerdijkii strain QM 381, grown on 
cellulose, produces 6-glucosidase in the absence of 
a-glucosidase. Interestingly, the same fungus, when 
grown on starch, produces the opposite system, that is, 
a-glucosidase in the absence of 8-glucosidase. Either 
this fungus or Sclerotium rolfsit strain QM 7740, can be 
used to produce enzymes for the detection of a-glu- 
cosidic linkages. For conclusive evidence the substrate 


TABLE 12 
Ratio gluconolactone/substrate (R I/S) for 50 per cent 
inhibition of enzyme 


8-Glucosides a-Glu- 

QM coside 

Enzyme Source Strain 

No. Cello- | Gentio- Mal- 

biose biose tose 

Aspergillus phoenicis.......... 1005 | 0.014 | 0.04 2.5 

Aspergillus luchuensis........ 873 | 0.005 | 0.01 1.0 
Pestalotiopsis westerdijkii..... 381 | 0.06 | 0.34+ | 10.0+ 
Lipase*........ 0.012 | 0.022 4.0+ 


* General Biochemicals, Inc., Chagrin Falls, Ohio. 


TABLE 13 
Use of gluconolactone inhibition to characterize linkage 
Hydrolysis (per cent)* 


: QM Cellobiose Maltose 
Enzyme and Source Strain (B-1, 4) (a-1, 4) 
ey ae =_ 7 
Alone | + Lac-| alone | +Lac- 
tone tone 
a-, B-Glucosidase mixture 
Aspergillus phoenicis. . . 1005 20 6 22 22 
Aspergillus luchuensis 873 54 13 76 74 


* Substrate 2.5 mg per ml in M/20 citrate pH 4.5, 40 C, 1 
hr. Gluconolactone 0.1 mg per ml in reaction mixture. 
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should be subjected separately to the action of «-glu- 
cosidase, and also to the action of a 6-glucosidase, Ip 
all such experiments, it should be recognized tha: glu- 
cosides differ considerably in their susceptibility to 
enzyme action. 

Almond emulsin, as is well known, varies greaily in 
its effect on different 6-glucosides. For instance, cel- 
lobiose is hydrolyzed 20 times as fast as cellobiitol. Its 
activity also decreases rapidly as chain length increases 
(table 11). The 6-glucosidase of P. westerdijkii, o1 the 
other hand, has more nearly equal activity on the vari- 
ous 8-glucosides we have tested (salicin, disaccharides, 
cellobiitol) and is less specific as to chain length. The 
fungus enzyme, therefore, may be more valuable than 
almond emulsin in establishing linkage type in an un- 
known glucoside. 

Table 11 shows how this procedure can be used to 
determine linkage type. Our unknowns may be con- 
sidered to be two sugars resulting from the enzymatic 
hydrolysis of cellulose. The rate of their movement on 
chromatograms suggested that they might be cellobiose 
and cellotriose. The known compounds are chemically 
prepared cellobiose (@-glucosidic link), and maltose 
(a-glucosidic link). All four compounds were subjected 
to the action of each enzyme. The unknowns and cel- 
lobiose were hydrolyzed by the 6-glucosidases, but not 
by the a-glucosidases. They have, therefore, 8-gluco- 
sidic linkages. 

An alternate procedure for the detection of linkages 
depends upon the use of gluconolactone as an inhibitor. 
It has the advantage that it does not require separate 
a- and 8-glucosidases. One preparation containing both 
enzymes can be used. The procedure is based on our 
finding that it takes about 200 times as much glucon- 
olactone to inhibit a- as to inhibit B-glucosidase (table 
12). In our test we selected a concentration of glucon- 
olactone sufficient to give over 50 per cent inhibition 
of the 6-glucosidase with little or no effect on the a- 
glucosidase (table 13). If the addition of the lactone 
inhibits the hydrolysis, the substrate is 6-linked; if the 
hydrolysis is not inhibited, the substrate must be 
a-linked. 

C. Principles. In general, there are several principles 
involved in the use of enzymes for identification. 

1. A polysaccharide can be identified by the enzyme 
that hydrolyzes it. Cellulose is anything hydrolyzed by 
cellulase. The difficulties in obtaining pure enzyme 
have been elaborated. Having pure enzyme, it is not 
necessary to have pure polysaccharide. 

2. The products of complete hydrolysis, the mono- 
meric units, can be identified by their movement on 
paper chromatograms. The degree of certainty of iden- 
tification is increased markedly by the use of two or 
more chromatograms using different solvent mixtures 
as irrigants. Known controls are required. 


3. Dimers (and trimers) of the same monomer move 
at rates which are different for different linkages. Thus, 


— 
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in the irrigant we use, 8-1 ,3-diglucose moves faster 
than 6-1,4 which in turn moves faster than 6-1 ,6. 

4. Spray reagents are selective for sugar types and, 
in some instances, for linkage. Details on these are gen- 
erally available. Glucose oxidase can be used to deter- 
mine glucose quantitatively and specifically in a mix- 
ture of reducing sugars. 

5. The linkage types, a and 8, can be determined by 
means of specific glycosidases. 

In this paper we have tried to show how enzymes 
may be obtained and used in isolation and identifica- 
tion problems. The enzyme systems are those with 
which we are personally familiar, and the examples 
have been drawn largely from our own work. Space 
does not permit further reference to the numerous and 
often elegant experiments of others along this same 
line. 
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During recent years, the use of marine outfalls for 
the disposal of sanitary and industrial wastes has in- 
creased greatly and information regarding the fate of 
bacteria in sea water has assumed public health sig- 
nificance. Unpolluted sea water does not contain large 
numbers of bacteria, and bacteria which enter the oceans 
by way of land drainage and sewage outfalls die quickly. 
The numbers of bacteria in sea water are determined 
by those factors which influence growth and reproduc- 
tion as well as by those that control survival and cause 
death. General aspects of the survival of bacteria in 
sea water were discussed by Ketchum (1953), Harvey 
(1957), and Wood (1958). The subject was considered 
in detail by ZoBell (1946), Greenberg (1956), and 
Orlob, (1956). 

Waksman and Hotchkiss (1937) suggested that the 
paucity of bacteria in sea water may be the result of 
any one or combination of various inter-related physico- 
chemical and biological factors including: (a) the ad- 
sorption of bacteria and their sedimentation; (b) the 
destructive action of sunlight; (c) the lack of required 
nutrients; (d) the presence in sea water of toxic sub- 
stances; (e) the presence of bacteriophages; (f) the 
utilization of bacteria as food by protozoa and other 
predators; and (g) the competitive and antagonistic 
effects of other microorganisms. These possibilities 
provide a convenient framework within which knowl- 
edge of the influence of various factors on the survival 
of bacteria in sea water can be reviewed. 


I. ADSORPTION AND SEDIMENTATION 


In addition to living organisms, clear sea water con- 
tains 0.2 to 2.0 ppm of both inorganic and organic 
particles in suspension. Since approximately half of 
this particulate material is inorganic and claylike (Har- 
vey, 1957) it may be expected that bacteria will be 
adsorbed and that the particles will eventually settle 
and be deposited on the ocean floor. Attached organ- 
isms thus become removed from surface waters and 

1 Paper of the Journal Series, New Jersey Agricultural Ex- 
periment Station, Rutgers, The State University, Department 
of Agricultural Microbiology, New Brunswick, New Jersey. 
This investigation was supported in part by Research Grant 
£1437 from the Institute of Allergy and Infectious Disease, 
National Institutes of Health, U. 8. Public Health Service. 


accumulate in sediments. Marine sediments contain as 
much as 18 per cent organic matter (ZoBell, 1946) and 
bacteria in bottom deposits may grow and multiply. 

Russell (1892) demonstrated that there were greater 
numbers of bacteria in marine sediments than iri over- 
lying waters, and Rubentschik et al. (1936) reported 
that coliform bacteria were adsorbed by muds from 
salt lakes. The adsorption capacity of muds varied and 
there were differences in the susceptibility of different 
bacteria to adsorption. Clays adsorbed bacteria to a 
greater extent than did larger particles. Similar results 
were obtained by Waksman and Vartiovaara (1938) 
who demonstrated that the clay fraction of marine 
sediments adsorbed more bacteria than did silt or sand. 
Weiss (1951) reported that sea water flocculated and 
decreased the capacity of silt to adsorb bacteria, but 
great numbers of bacteria were adsorbed when there 
was sufficient silt to cause turbidity. Diénert and Guil- 
lerd (1940) and Nusbaum and Garver (1955) attributed 
reduced bacterial counts to adsorption and sedimenta- 
tion of coliform bacteria in sea water. Orlob (1956 
added settled sewage to each of two samples of sea 
water and periodically determined the number of sur- 
viving coliform organisms. One sample was agitated 
prior to testing. The other sample was disturbed as 
little as possible. Bacterial numbers were invariably 
higher in the agitated sample, suggesting that sedi- 
mentation was a factor of significance. Large numbers 
of coliform bacteria were detected in marine sediments 
underlying the paths of two outfalls that discharged 
unchlorinated sewage (Rittenberg et al., 1958), and it 
appeared that sedimentation was responsible for the 
distribution observed. The importance of adsorption 
and sedimentation in the self-purification process of 
streams was discussed by Phelps (1944) and Gainey 
and Lord (1952). 


Il. DestructivE ACTION OF SUNLIGHT 


There is a great deal of information concerning the 
lethal action of ultraviolet light on bacteria but few 
studies have been made of the influence of sunlight on 
the survival of bacteria in sea water. Gaarder and 
Spirek (1931) attributed low numbers of bacteria in at 
oyster pool to the unfavorable effect of sunlight, but 
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studies by Reuszer (1933) showed no relation between 
the numbers of bacteria in samples of surface water 
and the amount of sunlight during summer months. 
Vacearo and Ryther (1954) found that sunlight had no 
effect on the respiration of marine bacteria suspended 
in bottles 10 in. below the surface. Although ZoBell 
and McEwen (1935) failed to find any evidence that 
sunlight influenced the daily or seasonal occurrence of 
bacteria, they observed that bacteria died rapidly in 
shallow layers of sea water exposed to midsummer 
sunlight. The lethal effect of sunlight did not extend to 
depths exceeding 20 cm. 

Insufficient experimental data are available to evalu- 
ate the significance of the destructive action of sunlight. 
Bacteria in surface waters may be exposed to ultra- 
violet light but this need not result in their destruction. 
Kelner (1949) demonstrated that bacteria apparently 
killed by ultraviolet radiation can be reactivated by 
exposure to visible light. It is possible that bacteria 
inactivated by ultraviolet radiation in surface waters 
1 to a my be reactivated at depths penetrated by visible but 
wesaiie not by ultraviolet light. The effect of sunlight is elim- 
(1938) inated in laboratory studies where water samples are 
incubated in the dark. 
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Burke and Baird (1931) showed that many fresh 
water bacteria grow in sea water supplemented with 
organic matter. Similar studies by Krassilnikov (1938) 
and Vacearo et al. (1950) demonstrated that the addi- 
tion to sea water of organic nutrients, such as glucose 
and peptone, decreased the rate of death of Escherichia 
coli. Orlob (1956) added lactose broth to samples of sea 
ror the pUeer and found that the time preceding logarithmic 
wolles disappearance of coliform bacteria was extended. The 
iinsee lag period varied directly with the concentration of 

broth added but, as soon as a significant decrease in the 
numbers of viable cells occurred, a death rate similar 
to that in unammended water was observed. 

Information concerning the influence of oxygen on 
survival of bacteria in sea water is conflicting. Buttiaux 
and Leurs (1953) reported that oxygenation of sea 
water did not affect the survival of Salmonella typhi- 
murium, Whereas Waksman and Carey (1935a) showed 
that oxygen concentration was of importance for bac- 
terial multiplication in stored sea water. ZoBell and 
Anderson (1936) attributed the results of Waksman 
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and Carey to surface phenomena rather than to oxygen 
concentration. 

Waksman and Carey (1935a) showed that sea water 
contains sufficient organic matter to support a more 
extensive bacterial population than is usually observed, 
and demonstrated that the organic matter in sea water 
is not completely resistant to bacterial decomposition 
(Waksman and Carey, 1935b). When sea water was 
incubated in glass containers, 25 to 50 per cent of the 
organic matter in the water was decomposed within 10 
to 12 days. The decomposition of organic carbon was 
limited by the amount of available nitrogen present in 
the water. Steininger (1951) found that the concentra- 
tion of organic matter in water of tidal pools was ade- 
quate for multiplication of Salmonella paratyphi type B. 

IV. Toxic SuBSTANCES 

A. Inorganic salts. The salinity of surface sea water 
is approximately 3.5 per cent (ZoBell, 1946) and, on 
the basis of concentration, inorganic salts are the most 
potentially toxic substances present in the sea. Sea 
salts may influence the survival of bacteria adversely 
by a general osmotic effect or by specific ion toxicity. 

Korinek (1926) found that bacteria isolated from 
fresh water grew in media containing various concen- 
trations of sea water. He observed no autolysis of the 
cells when they were suspended in sea water. Burke 
and Baird (1931) reported that the survival of fresh 
water bacteria in sea water was comparable to that in 
tap water. Persistence was influenced by temperature 
and the presence of organic matter. Growth and ex- 
tended survival of fresh water bacteria was obtained in 
nutrient broth prepared to contain NaCl at 2 to 4 times 
the concentration at which it occurs in natural sea 
water. ZoBell and Feltham (1933) concluded that the 
rapid death of bacteria in sea water was not due pri- 
marily to its high salt concentration, and Nusbaum 
and Garver (1955) stated, “it is believed that the nor- 
mal saline constituents of sea water are not antagonistic 
to enteric organisms.” 

Low salt concentrations have been shown to stimu- 
late the growth of certain bacteria (Ware et al., 1955). 
ZoBell (1936) reported that coliform bacteria survive 
longer in 6 per cent NaCl solutions than in natural sea 
water, indicating that salt per se, at levels common to 
marine environments, is not particularly detrimental 
to bacteria. 

The survival of FE. coli in water from the Great Salt 
Lake in Utah (salinity of approximately 32 per cent) 
was investigated by ZoBell et al. (1937) who observed 
a kill of over 95 per cent in 1 min, but conflicting results 
were obtained by Fraser and Argall (1954). The latter 
investigators reported that survival time increased with 
a decrease in temperature and that the test organism 
was recoverable after 24 hr. 

Johannesson (1957) found that the survival of E. coli 
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in sea water was favored greatly by very low concen- 
trations of cysteine and suggested that the toxic agent 
in sea water was iodate. The presence of iodate in sez 
water was demonstrated by chemical procedures and it 
was postulated that the favorable effect of cysteine on 
the survival of EF. coli in sea water resulted from re- 
action of the sulfhydryl group of the amino acid with 
the toxic ion. Other workers (Shaw and Cooper, 1957) 
reviewed the mechanism of iodine oxidation in sea water 
and concluded that iodate would not be formed. They 
suggested that the oxidized form of iodine present in the 
sea is an equilibrium mixture of iodide and hypoiodous 
acid (hypoiodite). This view was repudiated by Suga- 
wara and Terada (1958) and remains to be clarified. 
Perchlorate was recently identified in sea water (Bass- 
Becking et al., 1958) and may be considered as a poten- 
tially toxic ion capable of influencing the survival of 
bacteria. 

B. Microbial antagonism and antibiotic substances. In 
1889 de Giaxa demonstrated that some marine bacteria 
were antagonistic to Vibrio comma, (de Giaxa, 1889) 
and when grown in association with isolated antago- 
nists, V. comma was unable to produce experimental 
infections. Kiribayashi and Aida (1934) believed that 
the saprophytic organisms present in sea water influence 
the survival of enteric bacteria, and Korinek (1927) 
noted that fresh water bacteria were influenced ad- 
versely by marine organisms. 

Rosenfeld and ZoBell (1947) pointed out that the 
death of bacteria in sea water was greater than ac- 
counted for by salinity or osmotic pressure and sug- 
gested that antibiotic substances produced by micro- 
organisms had toxic effects. They tested 58 species of 
marine bacteria and demonstrated that 9 produced 
antibiotics active against various test organisms. The 
most actively antagonistic marine bacteria were species 
of the genera Bacillus and Micrococcus. The antimicro- 
bial action of sea water and culture broths of the antag- 
onists was similar in that each was reduced by filtration. 
It was concluded that the rapid death of bacteria in sea 
water was due to some extent to an autochthonous 
microflora of antibiotic-producing organisms. 

Ketchum et al. (1949) observed that a second inocu- 
lum of E. coli in sea water died more rapidly than the 
first, and Sherwood (1952) found that sea water which 
had supported growth of £. coli did not favor prolonged 
survival of Salmonella typhosa or S. paratyphi. These 
results were interpreted in terms of microbial antag- 
onism and the production of antibiotic substances. 
Ketchum et al. (1949) suggested that antibiotic sub- 
stances produced by marine organisms were responsible 
for the death of coliform bacteria in sea water, and 
Vaccaro et al. (1950) concluded that “the most prob- 
able cause of death of F. coli populations is an antibiotic 
action which requires the presence of the normal marine 
flora.”” Ketchum et al. (1952) observed a 99 per cent 
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decrease in the number of coliform bacteria in .: tida| 
estuary. The contribution of dilution and predation was 
minor compared to that of unidentified factors. 


V. BACTERIOPHAGES AND PREDATORS 


Arloing et al. (1925) and d’Herelle (1926) believed 
that bacteriophages were a significant factor in the 
rapid death of bacteria in sea water, whereas Gilde. 
meister and Watanabe (1931) and de Balsae et al. (1952) 
expressed an opposite opinion. Guélin (1948) demon. 
strated that phages active against bacteria of the coli- 
typhoid group were present in sea water and that their 
numbers varied directly with the degree of sewage pol- 
lution. In more recent studies, Kriss and Rukina (1947) 
and Spencer (1955) isolated phages from sea water that 
were active against marine bacteria. Although bacteri- 
ophages are detected in sea water, they do not oceur 
in great numbers. Recourse to enrichment. procedures 
has been necessary to demonstrate their presence. There 
are no studies in which the lytic activity of bacterio- 
phages in sea water has been evaluated. 

The influence of predators on the survival of bacteria 
in sea water has not been subject to direct investiga- 
tion. Waksman and Carey (1935b) and Waksman and 
Hotchkiss (1937) reported that the numbers of copepods 
and protozoa in sea water increased as the numbers oi 
bacteria decreased. Since the reduction in bacterial 
numbers was not accompanied by decreased oxygel 
consumption, it appeared that organisms such as pro- 
tozoa were developing at the expense of the bacteria. 
Stryszak (1949) believed that the increased survival oi 
bacteria at low temperatures was due to reduced a- 
tivity of predatory protozoa rather than to any direct 
effect of temperature on the bacteria. Ketchum et al. 
(1952) inferred that the contribution of protozoan pred- 
ators to the death of bacteria in sea water was of minor 
importance. Predation by higher forms is difficult to 
evaluate. 


VI. STERILIZATION 


The earliest studies of the influence of sterilization 
on the survival of bacteria in sea water were published 
in 1885 by Nicati and Reitsch. In a series of laboratory 
experiments they showed that the survival of V. comma 
varied in different waters, and that survival time was 
consistently extended by sterilizing sea water prior ti 
inoculation. Similar results were reported in 1889 by de 
Giaxa. He observed that the typhoid bacillus and the 
cholera vibrio survived 25 and 36 days respectively il 
heat sterilized sea water, whereas in untreated sea wate! 
they persisted for only 9 and 4 days. These early studies 
have been repeated by various investigators located 
throughout the world (Kiribayashi and Aida, 1934: 
ZoBell, 1936; Krassilnikov, 1938; Ketchum et al., 194! 
Vaccaro et al., 1950; Nusbaum and Garver, 1959: 
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tichou et al., 1955) and in each case it was reported 
that bacteria survived longer in heat sterilized sea water 
than in untreated sea water. The beneficial effect of 
heat sterilization on the survival of bacteria in sea 
yater varies with the season of the year, being most 
marked in summer months (Vaccaro, 1950). 

Heat is not the only sterilization procedure which 
renders sea water more favorable for the survival of 
bacteria. Beard and Meadowcroft (1935) showed that 
the rate of death of FE. coli and Salmonella typhosa was 
greater in untreated than in filter sterilized water. 
Similar results were reported by ZoBell (1936) and 
Krassiinikov (1938) using waters sterilized by passage 
through Berkfeld and Seitz filters, respectively. In 
contrast to the foregoing observations, de Balsac et al. 
(1952) reported that the survival of bacteria in water 
that had been sterilized by passage through Chamber- 
land filters was no greater than in untreated sea water. 

Pasteurization (Vaccaro et al., 1950) and _ boiling 
(Krassiinikov, 1938; Ketchum et al., 1949; Vacarro, et 
al., 1950; Williams, 1950) also rendered sea water more 
favorable for bacterial survival. In one study (Vacarro 
dtal., 1950) sea water was treated with 10 ppm chlorine 
and dechlorinated after 1 hr by adding thiosulfate. The 
survival of 4. coli in water sterilized by chlorination 
was found to be greater than that in untreated water 


and identical with that in heat sterilized sea water. 


Various types of semipermeable membranes have 
been employed in studies of the viability of bacteria in 
sea water. Beard and Meadowcroft (1935) suspended 
cells of S. typhosa and F. coli in filtered and unfiltered 
portions of samples of sea water. The suspensions were 
placed in dialyzing flasks and immersed in San Fran- 
cisco Bay. The rate of death of the bacteria was greater 
in untreated water than in water which had been ster- 
ilized by passage through Chamberland filters. Similar 
results were obtained by ZoBell (1936) who exposed 
suspended coliform bacteria contained in semiperme- 
able tubes (porcelain filter. candles impregnated with 
collodion) in untreated sea water, filter sterilized sea 
water, and autoclaved sea water. Most rapid death was 
observed in untreated sea water and survival was 
greatest in autoclaved sea water. Williams (1950) at- 
tempted to simulate natural conditions by placing mix- 
tures of sewage and sea water in Cellophane dialyzing 
tubing and suspending the tubes in Puget Sound. Seven 
of 11 samples showed more than a 95 per cent reduction 
in coliform counts in 24 hr, but the results were erratic. 
In some instances increases were noted, whereas in other 
experiments little or no change was observed. The sur- 
vival of coliform bacteria contained in Cellophane di- 
ilyzing tubing placed in San Francisco Bay was also 
examined by Nusbaum and Garver (1955). In one case 
they noted a large initial increase in numbers (400 per 
cent increase in 2 days) and a subsequent decrease to 
13 per cent survival after 4 days. 


SUMMARY 


Great numbers of bacteria enter the sea by way of 
surface drainage and sewage outfalls but, as one pro- 
ceeds outward from land, an extremely rapid decrease 
in the numbers of bacteria in the water is observed. 
Numerous explanations for the decrease in numbers 
have been suggested. Dilution, adsorption, and sedi- 
mentation are factors of importance but they do not 
account fully for the rapid disappearance of bacteria 
that enter the sea. The significance of biological factors 
has been emphasized by various investigators who ob- 
served that the survival of bacteria is greater in heat 
sterilized sea water than in untreated sea water. Al- 
though it has been postulated that predators, bacterio- 
phages, and heat labile toxic substances of biological 
origin (antibiotics) contribute to the rapid death of 
bacteria in natural water, the evidence is primarily in- 
direct and, therefore, not conclusive. Hydrostatic pres- 
sure, solar radiation, temperature, salinity, pH, oxida- 
tion-reduction potential, and nutrient availability are 
physicochemical factors known to influence the activ- 
ities of microorganisms, but their significance in main- 
taining the bacterial population of the sea at a reduced 
level remains to be evaluated. Likewise, our present 
knowledge of the interrelationships of microorganisms 
in marine environments must be extended before the 
bactericidal action of sea water can be explained. 
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